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ABSTRACT
Using a bioinformatics approach to explore the oxidation chemistry of 
peroxidases in microorganisms, I generated a sequence similarity network (SSN) 
of proteins that fall under the umbrella of diheme peroxidases. Bacterial 
cytochrome c peroxidases (bCCPs) are responsible for the electrochemical 
conversion of H2O2 to water by use of two c-type heme prosthetic groups. 
Despite structural similarity to bCCPs, the diheme enzyme MauG from P. 
denitrificans does not catalytically convert H2O2 to water. MauG, part of the mau 
operon, instead utilizes H2O2 to generate a highly unusual bis-Fe(IV) 
intermediate for the biosynthesis of tryptophan trpytophanyl quinone (TTQ), the 
cofactor required for methylamine dehydrogenase (MADH). The results within 
this thesis provide evidence for unreported diheme proteins conserved in all 
strains of Burkholderia, a gram-negative bacterium with implications in cystic 
fibrosis. Sharing sequence similarity to MauG, the Burkholderia orthologs 
separate into two classes referred to as Class A and Class B, but genomic 
analysis reveals a lack of a mau operon for all species. Instead these diheme 
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enzymes are highly conserved downstream of a putative phosphatase protein 
partner. The work presented in this thesis expands our knowledge of the 
peroxidatic chemistry of heme containing proteins in microbes. 
The results for the biochemical and biophysical characterization of Class A 
enzyme BthA and Class B diheme enzyme BthB from non-pathogenic B. 
thailandensis prove BthA and BthB are dual functioning peroxidases, capable of 
both H2O2 reduction and formation of the same bis-Fe(IV) intermediate proposed 
for MauG. Mutational analysis of the six-coordinate heme ligand of BthA, Tyr463, 
addresses the electrochemical and spectroscopic properties important in the dual 
functionality, as well as provides evidence for a role of BthA in O2 reactivity. 
Furthermore, the biochemical characterization of PhosA, the putative protein 
partner of BthA based on genomic analysis, confirms presence of a dimetal Fe-
Zn center reminiscent of purple acid phosphatases, and reactivity toward 
nucleotide diphosphates. While studies to understand the biological role of BthA 
and PhosA are still underway, results from the biophysical characterization of 
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Chapter 1: A Closer Look at the Diheme Peroxidase Superfamily in Bacteria 
- How Sequence Divergence Guides Our Understanding of Function
 1
1.1 Defense mechanisms of microorganisms to remove ROS
Reactive oxygen species (ROS) present in the cell are often generated as 
a result of redox mediated reactions of many metal-containing proteins with 
intracellular O2 (Imlay 2008). Exogenous superoxide (O2•-) and hydrogen 
peroxide (H2O2) have been identified as by-products of incomplete reduction of 
O2, often produced by flavoenzymes, which are ubiquitous proteins for aerobic 
organisms (Messner and Imlay 1999). If H2O2 is not removed, this ROS can 
further react with ferrous iron (Fe2+) to generate a hydroxyl radical (OH•) (known 
as Fenton chemistry) which results in detrimental effects including DNA damage 
(Imlay, Chin et al. 1988). Damaged DNA present in the cell results in mutagenic 
effects with implications in cancer and other degenerative diseases, as well as 
cell death (Henle and Linn 1997). Furthermore, H2O2 has been reported to 
directly react with iron-sulfur cluster (Fe-S) containing proteins (e.g. 
dehydratases) which are involved in key metabolic processes, such as leucine 
biosynthesis (Jang and Imlay 2007). Damage to the 4Fe-4S cluster present in 
these proteins inactivates the enzyme and disrupts their ability to carry out these 
essential metabolic reactions. Thus, removal of H2O2 and O2•- is important for 
maintaining viability of the cell. 
Enzymes such as peroxidases and catalases are employed by 
microorganisms to reduce H2O2 to generate water as a safe product (Figure 1.1). 
Peroxidases, in particular, are enzymes which directly react with H2O2 and are 
separated into several classes based on how the enzymes react with peroxide 
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and the mechanism in which this ROS is reduced. Known peroxidases from 
eukaryotic systems include selenocysteine dependent glutathione peroxidases 
(GPxs), which catalyze the reduction of H2O2 or organic hydroperoxides using 
glutathione (GSH) as a reductant, and also are important for maintaining H2O2 
homeostasis in signaling cascades (Brigelius-Flohe and Maiorino 2013). 
Additionally, peroxiredoxins (Prxs) are involved in H2O2 reduction through redox-
active cysteine residues present in the protein sequence (Wood, Schroder et al. 
2003). In bacteria, peroxidases are largely known for their role in catalytically 
reducing H2O2 electrochemically by use of heme prosthetic groups, reminiscent 
of yeast cytochrome c peroxidases. In microorganisms there are ongoing efforts 
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Figure 1.1 Reactions of H2O2 within the cell. Fenton reaction is highlighted, showing 
pathways to DNA damage by generation of hydroxyl radical. Enzymes invoked in the 
removal of H2O2 are shown. Figure adapted from Henle, E.S. et al. (1997). 





























to understand not only when H2O2 is produced, but how these key enzymes, 
such as peroxidases, function to remove H2O2 when the cell is undergoing 
oxidative stress.
1.2 Understanding the structure-function relationship of bacterial peroxidases 
and their role in H2O2 detoxification
Microorganisms utilize a vast range of metal-containing enzymes to 
catalyze the removal of ROS, employing several defense mechanisms. Of 
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Figure 1.2 Electron transport chain of Paracoccus denitrificans. Periplasmic (P) space 
is shown with cytochrome c peroxidase (CCP) and cytochrome c partner (c550). Inner 
membrane shows membrane bound c552, CoQ-cyt c oxidoreductase and cyt c 












specific interest are bacterial cytochrome c peroxidase (bCCPs). bCCPs are 
found in the periplasm of gram-negative bacteria and are an essential enzyme to 
protect the cell from the damaging effects of H2O2. In gram-negative bacterium P. 
denitrificans, H2O2 is often the product of dismutation of superoxide (Goodhew, 
Wilson et al. 1990), which is present under hypoxic conditions when electrons 
are restricted in the electron transport chain and sufficient reduction of O2 is not 
achieved (Figure 1.2). 
bCCPs catalyze the electrochemical conversion of H2O2 to water by a 
proton-coupled electron transfer (PCET) reaction which requires two electrons, 
typically supplied by a small redox partner (SRP) known as cytochrome c (e.g. 
c550) and two protons (Pettigrew 1991). bCCPs and their cytochrome c partner 
protein are found to be up-regulated when the cell is under hypoxic conditions. 
bCCPs contain two c-type heme cofactors that are covalently bound to the 
protein backbone by two cysteine residues identified in the protein sequence by a 
CXXCH motif (Figure 1.3). The histidine conserved in the motif acts as the 
proximal ligand to the iron center (Gilmour, Goodhew et al. 1993, Pettigrew, 
Echalier et al. 2006). The heme centers of bCCPs are distinguishable both 
structurally and electrochemically, as each heme plays a specific role in the 
catalytic reduction of H2O2. 
Traditionally, bCCPs, particularly from gram-negative bacteria 
Nitrosomonas europaea (Ne) and Pseudomonas aeruginosa (Pa), contain a five-
coordinate heme, known as the peroxidatic heme, and a six-coordinate heme, 
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known as the electron transfer heme (Ronnberg, Kalkkinen et al. 1989, Shimizu, 
Schuller et al. 2001). The five-coordinate (5c) heme is the site of H2O2 binding 
and known to generate a ferryl species (Fe(IV)=O) during the catalytic cycle 
(Pettigrew, Echalier et al. 2006). In the distal pocket of the 5c heme, there is a 
highly conserved glutamate residue which acts as the acid-base catalyst for 
generation of the ferryl species, as well as a conserved proline and glutamine 
residue which help to maintain the electronic structure of the heme (Shimizu, 
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Figure 1.3 Dimeric structure and active site of bCCP from Ne (NeCCP). Conserved 
tryptophan (green) shown midway between heme sites. Calcium ion also shown 
(yellow sphere). Inset shows the low-potential (LP), 5c heme site (left) and high-
potential (HP), 6c heme site with Met-His ligation. PDB: 1IQC.
LP, 5c HP, 6c
Met
HisHis
Schuller et al. 2001). Conservation of these residues is seen across all the 
bCCPs, including MauG, indicating this 5c heme site is specifically tuned for its 
role in H2O2 binding. The six-coordinate (6c) heme is Met-His ligated, which is 
maintained throughout the reaction and a highly conserved ligation environment 
for the bCCP superfamily (Figure 1.3). The environment of the heme sites 
modulates the reduction potential, allowing for each heme to play separate roles 
during catalysis. For the Met-His ligated heme, also known as the high potential 
(HP) heme, reduction potentials are typically high (> +300 mV vs. SHE), which 
allows for electron transfer (ET) to the 5c, low potential (LP) heme which is 
usually reported to be -220 to -250 mV vs. SHE (Arciero and Hooper 1994, 
Becker, Watmough et al. 2009).
Interestingly, within the bCCP superfamily there are two classes of 
enzymes that differ due to activation. Enzymes which require reductive activation, 
such as the bCCP from Shewanella oneidensis (SoCCP) and the previously 
mentioned peroxidase enzyme from Pa (PaCCP), possess a unique structure-
function relationship compared to the other heme peroxidases. When in the 
diferric, FeHP(III)FeLP(III) state, the enzymes are inactive due to binding of a 
histidine residue from a nearby loop to the open site of the 5c, LP heme (Pulcu, 
Frato et al. 2012). This loop movement, which blocks the active site, is important 
for keeping the enzyme in a ‘closed’ state when peroxide levels within the cell are 
low. When necessary to reduce H2O2, the enzyme receives an electron from the 
cytochrome c redox partner to generate a mixed-valent FeHP(II)FeLP(III), semi-
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reduced state (Ellfolk, Ronnberg et al. 1983). The reduction of the 6c, HP heme 
initiates a conformational change within the protein to open the active site for 
peroxide binding (Figure 1.4).
While on-going efforts are being employed to further investigate the nature 
of the loop movement in SoCCP, it’s important to note within the bCCP 
superfamily there is also a class of enzymes which are instead, constitutively 
active. NeCCP does not require reduction of the HP heme in order for the 
enzyme to be active. Rather, the enzyme is always present in an active state, as 
it is thought the 5c, LP heme maintains an open conformation regardless of 
changes in oxidation state (Shimizu, Schuller et al. 2001). Unlike the SoCCP 
system, NeCCP undergoes a mechanism of H2O2 reduction similar to monoheme 
peroxidases, where a compound-I (Cpd-I) like intermediate is generated at the 
active site upon binding of peroxide (Bradley, Chobot et al. 2004). The 
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“Closed” “Open”
Figure 1.4 Loop movement of PaCCP. Left panel represents the 5c heme site of the 
PaCCP enzyme in the diferric, Fe(III)Fe(III) state. Upon reduction of the high potential 
heme to Fe(II), the active site opens up to allow for H2O2 binding. PDB: 1EB7.
mechanistic differences between both SoCCP and NeCCP suggest key 
differences in the cellular environment of these enzymes; N. europaea is an 
obligate aerobe which readily produces ROS, where as S. oneidensis is a 
facultative anaerobe capable of growing under both aerobic and anaerobic 
conditions (Bretschger, Obraztsova et al. 2007). The ability of S. oneidensis to 
grow with or without oxygen suggests enzymes such as SoCCP are not required, 
or turned ‘on’ unless levels of H2O2 are increased due to insufficient reduction of 
O2 when the bacterium grows aerobically. Though structurally NeCCP and 
SoCCP are similar in global fold, the residue differences between the two 
proteins which allow loop movement for activation of SoCCP and peroxidases 
from this class remains a mystery. Therefore, elucidation of the differences in 
activation between SoCCP and NeCCP is important for understanding how the 
microorganisms from which these enzymes are isolated differ in their need for 
one class versus the other. 
1.3 MauG from Paracoccus denitrificans
bCCPs are of particular interest because of their role in H2O2 
detoxification, and the electrochemical properties of the heme cofactors within 
the protein that have been finely tuned by Nature to carry out this essential 
reaction in bacteria. The large majority of diheme enzymes in bacteria are 
reported as true peroxidases, responsible for reduction of H2O2, yet one enzyme 
in particular, MauG, has been set apart from the traditional bCCPs. Diheme 
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enzyme MauG from Paracoccus denitrificans represents a class of diheme 
peroxidases distinct from the canonical bCCPs reported thus far. 
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Figure 1.5 Crystal structure of MauG in complex with protein precursor, preMADH. A) 
mau operon of P. denitrificans. B) MauG subunit (green) complexed with preMADH 
(blue) and MADH (gray). C) Diheme center of MauG, including key tryptophan 
residues involved in ET to oxidize βTrp107 and βTrp57 of preMADH. 6c heme site is 































Bacteria encoding MauG proteins are often identified by presence of a 
mau operon comprised of eleven genes controlled by mauR, a LysR 
transcriptional regulator (Figure 1.5a). This well-defined operon encodes for the 
genes required for the maturation of methylamine dehydrogenase (MADH), a 
multi-subunit protein necessary for methylamine metabolism (Van Spanning, van 
der Palen et al. 1994, van der Palen, Slotboom et al. 1995). mauG is the gene 
which expresses the diheme enzyme responsible for the biosynthesis of 
tryptophan tryptophanyl quinone (TTQ), the catalytic cofactor required for MADH 
activity (Wang, Graichen et al. 2003). Similar to bCCPs, MauG has two distinct c-
type heme prosthetic groups, a 5c and 6c heme (Figure 1.5a). Unlike bCCPs, 
MauG cannot catalytically convert H2O2 to water when in the presence of an 
external electron donor. Rather, MauG carries out oxidation through long range 
ET to two tryptophan residues present in the protein bound precursor, preMADH, 
located nearly 40 Å from the active site heme (Figure 1.5b). Formation of TTQ 
through this ET process requires a total of 6 electrons where three two-electron 
oxidation steps occur at the target tryptophan residues of preMADH for each 
equivalent of H2O2 reacted with the protein. A total of 3 equivalents of H2O2 are 
required to complete the biosynthesis which includes 1) insertion of an OH group 
at βTrp57, 2) a crosslink between βTrp57 and βTrp107, and 3) oxidation of the 
quinol to quinone (Shin, Abu Tarboush et al. 2010).
The active site heme, 5c heme, of MauG compares well with the active 
site of peroxidases, conserving the analogous glutamate residue responsible for 
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cleaving the O-O bond formed when peroxide binds to generate the traditional 
ferryl species (Jensen, Sanishvili et al. 2010, Abu Tarboush, Yukl et al. 2013). 
Alternative to the traditional bCCPs, the 6c heme site of MauG has Tyr-His 
ligation, which lowers the reduction potential (Em) compared to the Met-His 
ligation of the 6c heme site of bCCPs (Abu Tarboush, Jensen et al. 2010). The 
Em reported for the Tyr-His ligated heme (-156 mV vs. SHE), is shifted nearly 500 
mV more negative in potential compared to NeCCP (+450 mV vs. SHE) and 
SoCCP (+300 mV vs. SHE). The reduction potentials of the heme cofactors of 
MauG are critical for allowing ET between the 5c and 6c heme sites. When 
MauG is present in the diferric, Fe5c(III)Fe6c(III), state the enzyme can bind H2O2 
at the 5c heme site resulting in a traditional Fe(IV)=O species while 
simultaneously oxidizing the Tyr-His heme site to Fe(IV) (Figure 1.6). MauG is 
the first enzyme reported to generate this peroxide induced intermediate, referred 
to as an alternative to compound-I (Cpd I), known as the bis-Fe(IV) species (Li, 
Fu et al. 2008).
The oxidizing power of the bis-Fe(IV) intermediate allows for long range 
ET via hole hopping to the target tryptophan residues (βTrp57, βTrp107) of 
preMADH. The bis-Fe(IV) intermediate has been verified by Mössbauer 
spectroscopy, where the diferric enzyme generates two quadrupole doublets 
upon addition of H2O2 (Li, Fu et al. 2008). The isomer shifts of the two distinct 
doublets are consistent with a Fe(IV)=O at the 5c heme site, and Fe(IV) at the 6c 
heme site. In more recent years, the bis-Fe(IV) intermediate has been observed 
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by use of Near-Infrared spectroscopy (NIR) (Geng, Dornevil et al. 2013). For ET 
to occur between both heme sites, a highly conserved tryptophan (Trp93), 
located midway between the heme centers is critical for formation of the bis-
Fe(IV) species (Figure 1.6). Evidenced by NIR spectroscopy, MauG generates a 
feature at 950 nm after addition of H2O2, reported as a tryptophan mediated 
charge resonance stabilization of an Fe(IV) oxidation state at the 5c and 6c heme 
site. The bis-Fe(IV) intermediate sets MauG apart from reported canonical 






Figure 1.6 bis-Fe(IV) formation of MauG. A) Six electron oxidation of βTrp57 and 
βTrp107 of preMADH to yield TTQ. B) Diferric MauG reacted with one equivalent H2O2. 
Left of arrow shows the diferric, Fe(III) state of both the 6c and 5c heme. Right of arrow 
shows the oxidation of heme 6c to Fe(IV) and heme 5c to Fe(IV)=O. Schematic 


























oxidation state at both heme cofactors upon reaction with H2O2, yet is unable to 
reduce H2O2 to water as efficiently as bCCPs (Geng, Davis et al. 2015). 
1.4 HZS from  from Kuenenia stuttgartiensis
More recently, the structure of hydrazine synthase (HZS), a 
multicomponent protein complex from anaerobic ammonium oxidizing 
(anammox) organism Kuenenia stuttgartiensis, was reported (Dietl, Ferousi et al. 
2015). HZS is not a peroxidase, but one of the subunits of the enzyme is similar 




Figure 1.7 Structure of HZS from K. stuttgartiensis. HZS is a three component 
complex consisting of an α-subunit (light pink), β-subunit (gray) and γ-subunit (green). 
The γ-subunit contains two c-type heme cofactors positioned similar to CCPs. PDB: 
5C2V
α-site reaction: 
NH2OH + NH3 N2H4  + H2O
γ-site reaction: 








and –γ, encoded by the genes kuste2861, 2859 and 2860, respectively, 
responsible for producing hydrazine (N2H4) from NO and ammonia (Figure 1.7). 
Both the α- and γ-subunits contain two c-type heme cofactors, with the γ-subunit 
structure and cofactors reminiscent of bCCPs and MauG. The α-subunit heme 
sites are nearly 31 Å away from one another, and are not predicted to have a role 
in direct electron transfer. However, the γ-subunit of HZS is a diheme enzyme 
with two c-type heme cofactors with an edge to edge difference of 15 Å. The 6c 
heme site (heme γ-II) is predicted to be the electron transfer heme.
While structurally the γ-subunit resembles a similar fold to bCCP enzymes 
in microorganisms, the HZS γ-subunit introduces key structural differences 
(Figure 1.7). Unlike bCCPs and MauG, HZS has a histidine residue midway 
between the hemes, rather than the highly conserved Trp of MauG and bCCPs, 
and a bis-His ligated 6c heme site (heme γ-II). In the structure of HZS, a 
cytochrome c binding site is predicted near the surface of the heme γ-II. Similar 
to bCCPs, this site is for cytochrome c to dock and transfer electrons to carry out 
the formation of hydroxylamine which then gets transferred to the α-subunit. 
While the exact mechanistic details of electron transfer through the complex are 
still being researched, the use of a CCP-like domain for synthesis of 
hydroxylamine shows how structural differences within the diheme peroxidase 
superfamily reflect functionality. The γ-subunit of HZS highlights how bacterial 
systems have evolved to produce enzymes capable of carrying out unique 
chemistry through use of two c-type heme prosthetic groups.
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1.5 Identification of new peroxidases from gram-negative bacterium Burkholderia
In the past couple decades, sequencing of bacterial genomes resulted in 
the exponential increase of uncharacterized protein sequences of unknown 
function. While the identification of more proteins with potential roles in cellular 
metabolism and biosynthesis of key natural products suggests a new area of 
interesting chemistry which has yet to be discovered, the method for finding 
proteins of interest has become challenging. Sequence similarity networks 
(SSNs) have been utilized by several computational groups to find a relationship 
between protein sequence and known function of enzyme families (Atkinson, 
Morris et al. 2009). SSNs provide a comparative analysis of large families of 
enzymes, and help to visualize how conservation of amino acid residues may set 
one family of enzymes apart from another with respect to their physiological role. 
Within the last decade, development of the Enzyme Function Initiative (EFI) has 
allowed for publicly available services to generate SSNs with the potential of 
creating clusters of proteins by isofunctional groups (Gerlt, Bouvier et al. 2015).  
Exploiting the various bioinformatics programs available, I set out to 
elucidate how sequence divergence within the bacterial peroxidase superfamily 
reflects functionality. Though the chemistry of MauG and bCCPs reacted with 
H2O2  differs significantly, a close look at the structure of each enzyme highlights 
only one key residue difference with respect to the core CCP domain, the 6c 
heme ligand. In bCCPs, the 6c heme is Met-His ligated where as for MauG the 
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6c heme maintains Tyr-His ligation. While this residue is not the only evolutionary 
change, it is this change in heme environment that has altered the 
electrochemical properties and overall, the differences in H2O2 reactivity between 
these two classes of enzymes. A SSN of the diheme peroxidase superfamily, 
including bCCPs and MauG, was created to explore the sequence space within 
bacteria and potentially identify new members of this family that utilize H2O2 
beyond the traditional role of detoxification. The previously mentioned diheme 
enzymes, NeCCP, SoCCP, and MauG are all members of the CCP_MauG PFAM 
domain, the key identifier used as the basis for the SSN. 
Understanding the differences in peroxide reactivity between the 
traditional bCCPs and MauG will expand our understanding of the redox 
chemistry employed by microbes. The heme cofactors of MauG are finely tuned 
with respect to the electrochemical properties and the pathway of ET from the 
peroxidatic heme (5c heme) to the Tyr-His ligated 6c heme to carry out formation 
of the bis-Fe(IV) species. The unique wiring of residues within the protein scaffold 
of bCCPs and MauG is one factor in which Nature has evolved to direct these 
enzymes toward either peroxide reduction or TTQ formation. Furthermore, 
discovery of new diheme enzymes will help to expand our chemical knowledge of 
the CCP_MauG family members, and determine if the chemistry reported for 
MauG defines this diheme enzyme as an outlier compared to other proteins 
present in the superfamily. The SSN I generated  explores the sequence space of 
the bacterial diheme peroxidase superfamily and identifies diheme enzymes 
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involved in an uncharted region of peroxide chemistry in gram negative 
bacterium, Burkholderia thailandensis.
Burkholderia has been reported to play a role in diseases such as cystic 
fibrosis and meloidosis (Govan and Deretic 1996). This organism poses several 
threats to human health, with an increasing concern over the resistance many  of 
the strains have acquired for commercially available antibacterial agents. B. 
thailandensis is of recent interest in both the microbiology and chemical biology 
communities because of the highly genetic and biochemical similarities to the 
pathogenic strain, Burkholderia pseudomallei, the causative agent of meloidosis 
(Holden, Titball et al. 2004). B. thailandensis E264  strain is non-pathogenic and 
has a complete transposon mutant library available, making this bacterium 
genetically tractable (Gallagher, Ramage et al. 2013). Not only is B. thailandensis 
a model system for studying virulence in B. pseudomalliei, recent studies have 
utilized this bacterium for identification of silent gene clusters which are activated 
by antibiotics such as trimethoprim (Seyedsayamdost 2014, Mao, Bushin et al. 
2017). The natural products identified in activation of silent gene clusters is an 
important approach to understanding how this bacterium adapts and 
communicates to defend against stressful environments.
1.6 Summary and Goals 
The work presented in this thesis describes my results from the 
biochemical and biophysical characterization of diheme peroxidase enzymes 
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from Burkholderia thailandensis. My bioinformatic analysis of the CCP_MauG 
domain superfamily led to the identification of unreported diheme enzymes, 
referred to as Class A and Class B, found in all strains of Burkholderia, which are 
highly conserved downstream a putative phosphatase protein partner. The 
identification of the Class A diheme enzyme reflects the location of this highly 
conserved gene on chromosome II of Burkholderia species, and the Class B 
diheme enzyme is highly conserved on chromosome I. The characterization 
results for diheme enzymes BthA and BthB from B. thailandensis highlight how 
microogranisms have diverged to modify the way in which enzymes utilize 
peroxide for oxidation chemistry. From a chemical perspective, I obtained the 
biochemical and biophysical properties of diheme enzymes, BthA, BthB and 
putative phosphatase protein partner PhosA, in the following chapters:
Chapter 2 is the biochemical and spectroscopic characterization of the 
recombinant Class A diheme enzyme BthA. My results prove BthA is a dual 
functioning peroxidase, reminiscent of both canonical bCCPs and MauG. The 
characterization of the protein by use of NIR, EPR and Mössbauer 
spectroscopies gives insight into the role of the heme cofactors in the H2O2 
reactivity and confirm formation of the bis-Fe(IV) species for BthA reacted with 
peroxide. Steady state kinetic assays also provide evidence for a role of BthA in 
H2O2 detoxification with kinetic values comparable to canonical bCCPs. The 
crystal structure of BthA is also presented and highlights the structural 
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differences that separate this enzyme from the well characterized bCCPs and 
MauG. 
Chapter 3 continues to address the dual functionality of BthA by 
addressing the role of pH on the formation of the bis-Fe(IV) species and 
reduction potential of the heme cofactors. Mutational analysis of Tyr463, the 
ligand to the 6-coordinate heme site, is also performed to understand the role of 
this ligand in peroxide turnover and bis-Fe(IV) formation. By use of steady-state 
kinetics, EPR and Mössbauer spectroscopy, a thorough understanding of how 
the enzyme reacts with H2O2 to generate the bis-Fe(IV) intermediate is 
discussed. Results from the spectroscopic and anaerobic purification 
experiments of the Y463M variant also lead to my proposal for a potential role of 
this variant in O2 activation.
In Chapter 4, I present my findings for the characterization of 
recombinantly expressed protein, PhosA, the putative phosphatase partner of 
BthA. Taking a similar approach described in Chapter 2, I compare PhosA with 
other members of the purple acid phosphatase (PAP) superfamily and make use 
of kinetic assays with phosphate containing compounds to identify a potential 
substrate and utilize EPR to explore the nature of the dimetal active site identified 
through ICP-ES. My results introduce a new member to the bacterial PAP 
superfamily and support my hypothesis that the Class A proteins in Burkholderia 
are unique.
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Chapter 5 expands my work to the Class B diheme enzyme conserved in 
B. thailandensis, BthB. I introduce BthB initially in Chapter 2 when discussing my 
SSN results for the peroxidase superfamily. My in vitro characterization of BthB, 
with heterologously expressed protein, suggests this diheme enzyme is distinct 
with respect to the H2O2 reactivity observed when compared to bCCPs, MauG 
and BthA. The steady state kinetic assays, EPR and NIR studies support my 
hypothesis that BthB is not just a copy of BthA, but a unique peroxidase with its 
own functional role in B. thailandensis.
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Chapter 2:  Biophysical Characterization of Diheme enzyme BthA - A Dual 
Functioning Peroxidase from Burkholderia thailandensis
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2.1 Introduction
Oxidation of small molecule or protein substrates by enzymes often 
requires a high-valent intermediate generated through metal active sites (Job and 
Dunford 1976, Rittle and Green 2010). Bacterial cytochrome c peroxidases 
(bCCPs) oxidize a small protein partner, known as cytochrome c, in order to 
reduce hydrogen peroxide (H2O2) to water by use of two c-type heme prosthetic 
groups. Alternatively, MauG, a diheme peroxidase family member, utilizes H2O2 
to catalyze the six-electron oxidation of two tryptophan residues in protein bound 
precursor, preMADH, by employing a highly unusual bis-Fe(IV) intermediate, an 
alternative oxidant to the well-known ferryl species (Fe(IV)=O) of traditional 
peroxidases (Hashimoto, Tatsuno et al. 1986).
Despite structural similarity to bCCPs with respect to the heme active site, 
MauG is not reported to reduce H2O2 to water when in the presence of an 
external electron donor. Using a bioinformatics approach to explore the oxidation 
chemistry of peroxidases in microorganisms, I generated a sequence similarity 
network (SSN) to search completed genomes for proteins that fall under the 
umbrella of diheme peroxidases. The results provide evidence for 
uncharacterized diheme proteins conserved in all strains of Burkholderia, a gram-
negative bacterium with implications in cystic fibrosis and meloidosis (Govan and 
Deretic 1996, Alice, Lopez et al. 2006).
A close look at the SSN generated for the CCP_MauG domain (Figure 
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Figure 2.1 SSN of bacterial cytochrome c peroxidases. Generated the CCP_MauG 
SSN using the EFI enzyme similarity tool. Parameters: E-value 1.0x10-60, Alignment 
score of 30, sequence identity cutoff 80%. Each node (gray) represents a protein 
sequence identified with PFAM identifier, CCP_MauG. Proteins from Burkholderia 
(purple) are indicated throughout the network. Canonical bCCPs (orange) are 
highlighted in Cluster I as well as trireme peroxidase YhjA (teal). MauG orthologs from 
methylobacterium are highlighted in Cluster I (yellow). MauG (green) is shown in Cluster 
IIIA and the Burkholderia orthologs BthA and BthB (red) are shown in Cluster IIIB. 
Sequences of proteins from Cluster IIIB are listed in Appendix Table A1. Genomic 
context of bthA and bthB in B. thailandensis E264 are shown. Genes in gray are 










Genomic context of the Burkholderia orthologs in B. thailandensis E264
BTH_II1092 BTH_II1093
BTH_I2670 BTH_I2671
water in many gram-negative microorganisms, are located in the same cluster of 
protein sequences (Cluster I), suggesting enzymes in this cluster are involved in 
H2O2 detoxification pathways. Within Cluster I, known diheme peroxidases from 
Nitrosomonas europaea (NeCCP) and Shewanella oneidensis (SoCCP) are 
present. While these two bCCPs differ in enzyme rearrangements for activation, 
where NeCCP is constitutively active and SoCCP requires reduction of the high 
potential (HP) heme to become active, both classes of enzymes are present in 
the same cluster  of protein sequences due to similarity in sequences and 
presumably in vivo function.
As suspected, MauG from P. denitrificans is set apart from the canonical 
bCCPs. While MauG from Paracoccus is the only MauG protein biochemically 
characterized, the genomic context of the proteins present in Cluster IIIA have 
presence of a well defined mau operon. A look at the sequence of the gene which 
encodes the mauG protein contains two distinct CXXCH motifs and a conserved 
tyrosine residue in the position of Tyr294 of MauG. Surprisingly, the cluster of 
MauG proteins are in connection to yet another highly conserved group of 
enzymes which always appear to be diheme. The diheme enzymes are found in 
all strains of Burkholderia, both pathogenic and non-pathogenic (Cluster IIIB). A 
multiple sequence alignment of MauG, NeCCP and the putative peroxidases 
BthA and BthB from B. thailandensis, indicate that like MauG, these Burkholderia 
orthologs have conservation of the Tyr-His environment of the 6c heme based on 
conservation of a Tyr residue analogous to Tyr294 of the Paracoccu MauG.  This 
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ligation environment is fundamental in tuning the peroxidatic chemistry of MauG, 
and likely the chemistry of the Burkholderia orthologs. 
The sequences in Cluster IIIB can be separated into two classes based on 
the location of each gene in the Burkholderia genome. Referred to as Class A 
and Class B diheme enzymes, Class A proteins are located on chromosome II, 
and Class B are located on Chromosome I of Burkholderia species. Interestingly, 
the genomic context shows high conservation of these putative diheme 
peroxidases with a nearby phosphatase either directly upstream or downstream 
the heme protein (Figure 2.1). While there is no current evidence for a 
biochemical connection between the heme protein and phosphatase, 
conservation of this gene pair is found in all strains of Burkholderia and other soil 
bacterium present in Cluster IIIB such as Ralstonia solanacearium, Variovax 
paradoxus, and Mumia flava.
In this chapter I report the in vitro characterization of BthA, the Class A 
diheme peroxidase found in the genetically tractable organism B. thailandensis 
E264. My characterization by use of traditional biochemical and biophysical 
techniques reveals that this enzyme is a dual functioning peroxidase, involved in 
both H2O2 turnover and generation of the bis-Fe(IV) intermediate, a high valent 
species which has only been reported for MauG. The spectroscopic studies of 
BthA verifies formation of the high potential bis-Fe(IV) intermediate by Electron 
Paramagnetic Resonance (EPR), Near-Infrared and Mössbauer spectroscopies. 
Intriguingly, a 1.54 Å resolution crystal structure confirmed Tyr-His ligation of 
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heme 6c, yet surprisingly, reveals lack of a well defined electron transfer network 
of residues between the two heme sites. Unlike MauG, BthA does not have a Trp 
residue midway between the hemes; instead, Class A enzymes in Burkholderia, 
appear to have a serine residue in the conserved Trp position based on multiple 
sequence alignments with canonical bCCPs and MauG. The spectroscopic 
evidence of the bis-Fe(IV) and the overall biophysical characterization introduces 
a unique diheme peroxidase enzyme to the growing family of heme proteins 
present in bacteria. The ability of BthA to carry out both traditional H2O2 
detoxification as well as formation of the bis-Fe(IV) intermediate of MauG 
suggests this enzyme is involved in mechanistically unprecedented oxidation 
chemistry.
2.2 Materials and Methods 
2.2.1 Sequence similarity network for CCP_MauG domain proteins 
A sequence similarity network was generated using the sequence 
similarity tool available through EFI (Gerlt, Bouvier et al. 2015). The sequences 
input for computation are represented with Pfam identifier for CCP_MauG family 
members, code PF0350. The network was generated using the InterPro 58 and 
UniProt 2016_06 databases, and consisted of 6600 sequences with the PF0350 
identifier. Final network displayed is representative of an E-value cut-off of 10-60, 
alignment score of 30 (default) with each node representing sequences with 80% 
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sequence identity. Cytoscape was used for the graphical representation of the 
network (Killcoyne, Carter et al. 2009).
2.2.2 Molecular biology 
BthA from Burkholderia thailandensis (gene ID: BTH_II1092) was 
synthesized and codon optimized for expression in E. coli (GeneWiz). 
BTH_II1092 was sub-cloned into pETSN expression vector with a cleavable 
OmpA periplasmic leader sequence and T7 promoter (Hoffmann, Seidel et al. 
2009). Cloning was performed routinely using restriction enzymes XhoI and 
EcoRI, purchased from New England Biolabs (NEB), plasmid mini-prep kits 
(Qiagen) and T4 DNA ligase (NEB). To avoid potential complications from export 
to the periplasm and maturation of cytochromes c, a truncated BthA sequence, 
starting at S69 on the N-terminal end was generated. The plasmid (pKR2) 
contains an N-terminal Strep tag and C-terminal 6xHis tag. The pKR2 vector was 
further modified to remove the N-terminal Strep tag, and to insert a stop codon 
and delete the 6xHis tag, generating pKR4, an untagged version of BthA. 
Deletion of the N-terminal Strep tag and insertion of the C-terminal stop codon 
was achieved with QuikChange Site-Directed Mutagenesis Lightning kit (Agilent). 
Mutations E277Q, Y463H, S257A and S257W were generated using 
QuikChange Site-Directed Mutagenesis Lightning kit (Agilent). E.coli strains were 
cultured in 2x YT (Fisher BioReagents) liquid media or 2x YT agar at 37˚C. 
Sequences of oligonucleotides used for generation of plasmids and mutants are 
listed in Table 2.1.
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2.2.3 Expression and purification of BthA
BthA was co-transformed with a plasmid containing the cytochrome c 
maturation cassette (Thony-Meyer, Fischer et al. 1995), into BL21(DE3) 
competent cells (NEB). Starter cultures of 5 mL were grown overnight at 37˚C in 
2x YT, supplemented with 100 µg/mL ampicillin and 35 µg/mL chloramphenicol. 
The culture was harvested and resuspended in fresh media before inoculating 1L 
flask of 2x YT for bulk expression at 37˚C with 220 rpm until OD600 nm=0.8 was 
reached. Cells were cooled and induced with 100 µM β-d-thiogalactopyranoside 
(IPTG, Bio-rad) for 17 hrs at room temperature with shaking at 150 rpm. 
Cells were harvested, resuspended in lysis buffer (50 mM HEPES, 300 
mM NaCl, 5% glycerol, pH 7.8, 1 mM phenylmethanesulfonyl (PMSF)), and were 
Table 2.1: Sequences of oligonucleotides used for recombinant BthA














lysed by sonication. Clarified lysate was obtained after centrifugation at 18,000 x 
g for 35 minutes. Supernatant was diluted with Buffer A (50 mM HEPES, 50 mM 
NaCl, pH 7.8) and loaded onto 50 mL of SP-Sepharose cation exchange resin 
(GE Healthcare). Resin was washed with Buffer A, and eluted with 50% of Buffer 
B (50 mM HEPES, 500 mM NaCl, pH 7.8). Protein eluted from SP-sepharose 
was pooled and concentrated to 1 mL before loaded onto a 16/60 S-100 size 
exclusion column (GE Healthcare) at 4˚C. Purity of BthA containing fractions 
were assessed by 12.5% SDS-PAGE. Pure fractions were concentrated in 
Amicon 30K MWCO and exchanged into storage buffer (50 mM HEPES, 100 mM 
NaCl, 10% glycerol, pH 7.8) before being stored at -80˚C. Protein concentration 
was determined by Bradford assay.
2.2.4 UV-Visible spectroscopic analysis 
UV-visible spectra for the oxidized and reduced state of BthA and was 
obtained on a Cary50 spectrophotometer (Agilent) using 1 mL quartz cuvettes 
with a septa screw cap (Starna cells). The as-purified, oxidized state was 
determined under aerobic conditions at 21.0˚C in 50 mM HEPES, 50 mM NaCl, 
pH 7.8 buffer. For reduction of the heme centers, protein was added to a final 
concentration of 5 µM in buffer purged with argon. Either sodium dithionite or 
sodium ascorbate was added to the cuvettes to a final concentration of 1 or 5 
mM under anaerobic conditions with the use of gas-tight syringes (Hamilton). CO 
binding to the reduced form of the protein was achieved by bubbling in CO for 30 
seconds before recording the spectrum.
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2.2.5 Steady-state kinetic assay 
Peroxidase act iv i ty was determined using 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS, Sigma) as the artificial electron 
donor. The dye-coupled assay was performed aerobically in assay buffer (50 mM 
phosphate, pH 6.5) at 21.0˚C, using H2O2 concentrations ranging from 0.3 µM to 
30 µM. ABTS and H2O2 were reacted for 10 seconds before addition of enzyme, 
and background reactivity was subtracted from each trace. Enzyme was added 
to final concentration of 30 nM (determined by Bradford). The increase of 
absorbance at 420 nm was monitored with extinction coefficient ε420=36 
mM-1cm-1. Data was recorded on a Cary50 spectrophotometer (Agilent).
2.2.6 Potentiometric titration
Redox titrations were performed anaerobically with an optically 
transparent thin later electrochemical (OTTLE) cell. The OTTLE cell set-up 
utilized 3D printing to construct a cuvette spacer that allowed for small sample 
volume, as described by Brisdendine, et al (Brisendine, Mutter et al. 2013) . The 
spacer was printed by Stratasys using polyjet amber clear material. The cell 
consisted of a working electrode (0.25 mm thick gold foil and 0.5 mm gold wire 
(Aldrich)), a M-401 Ag/AgCl reference electrode (Microelectrodes, Inc.) and a 1 
mm thick platinum wire as a counter electrode. The spacer assembled with the 
three electrodes mentioned above was placed in a 10 mm quartz cuvette (Starna 
Cells). A Teflon cap was fit to the cuvette top equipped with a port for the 
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reference, counter, and working electrode that allowed for placement of each 
electrode in their respective compartment before the cap was sealed and the 
cuvette purged with argon. The three-component electrode system was set-up to 
a PGSTAT 12 AutoLab potentiostat (Ecochemie). The UV-visible spectrum was 
obtained on a Cary 50 spectrophotometer after the system reached equilibration 
at the given potential. Multicomponent buffer (5 mM HEPES, MES, MOPS, 
CAPS, TAPS, CHES, 100 mM NaCl, pH 7.0) was purged sufficiently with argon 
before use to remove oxygen. Mediators ranged from -80 to 290 mV vs. SHE and 
included potassium indigo-trisulfonate (-80 mV vs. SHE), Safranin-T (-290 mV vs. 
SHE), FMN (-150 mV vs. SHE), and Janus Green B (-225 mV vs. SHE). 
2.2.7 Near-Infrared spectroscopic analysis 
The spectra for diferric and H2O2 treated BthA was recorded on a 
Shimadzu UV-3600 spectrophotometer 1 mL quartz cuvette (Starna Cells). H2O2 
concentrations used for near-stoichiometric additions to BthA was determined 
using the extinction coefficient ε240=43.6 M-1cm-1. Spectra were obtained 
aerobically at room temperature in 50 mM HEPES, pH 7.8 buffer.
2.2.8 EPR and Mössbauer spectroscopy
Incorporation of 57Fe was achieved through expression of BthA in minimal 
media. Spizizen minimal media (MM) (Anagnostopoulos and Spizizen 1961) was 
prepared for expression of 57Fe-BthA. Media consisted of 15 mM (NH4)SO4, 80 
mM K2HPO4, 44 mM KH2PO4, and 4 mM sodium citrate. For each 1L of 
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autoclaved MM, sterile glucose (20% solution) was added to a final concentration 
of 0.4% and 10 mL of trace metal solution (autoclaved) consisting of 0.6% MgCl2, 
0.05% CaCl2, 0.006% MnCl2, 0.02% ZnCl2, 0.003% CuCl2, 0.003% CoCl2 and 
0.005% Na2MoO4 was added aseptically. The quantity of background 56Fe was 
determined using ferrozine iron assay (Carter 1971) for each flask of media 
before inoculation. Background 56Fe was determined to be 0.02 ng/L. 57Fe metal 
(Cambridge Isotopes) was added to a final concentration of 2 mg/L. Expression 
and purification of 57Fe-BthA was carried out as described above with the final 
57Fe-BthA sample prepared in the same sample buffer [50 mM HEPES, 100 mM 
NaCl, 10% glycerol, pH 7.8]. 
X-band EPR and Mössbauer data collection and analysis was performed 
by Andrew Weitz in the Hendrich laboratory at Carnegie Mellon University. X-
band EPR spectra were recorded on a Bruker Elexsys spectrometer equipped 
with an Oxford ESR 910 cryostat and a Bruker bimodal cavity for generation of 
microwave fields parallel and transverse to the applied magnetic field. The 
modulation amplitude and frequency were 1 mT and 100 kHz for all spectra. The 
microwave frequency was calibrated with a frequency counter and the magnetic 
field was calibrated with a calibrated Hall probe. The temperature was calibrated 
with a carbon glass resistor (Lakeshore CGR-1-1000). EPR signals were 
quantified by relative to a 1 mM Cu(II)EDTA standard in 10% glycerol. The Cu(II) 
concentration was quantified by inductively coupled plasma mass spectrometry. 
Species concentrations were determined with the software SpinCount developed 
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by M. P. Hendrich (Golombek and Hendrich 2003). The software diagonalizes the 
spin Hamiltonian,
H = βeB•ge•S + S•D•S, 
where β is the Bohr magneton, B is the applied magnetic flux density, S is the 
spin, g is the spectroscopic splitting tensor, and D is the axial zero field splitting 
parameter. The quantitative simulations are least-squares fits of the experimental 
spectra generated with consideration of all intensity factors, which allows the 
computation of simulated spectra for a specified sample concentration.
57Fe Mössbauer spectra were recorded with two spectrometers using 
Janis Research dewars. Isomer shifts are reported relative to Fe metal at 298 K. 
The simulations of Mössbauer spectra were calculated with least-squares fitting 
using the program SpinCount and the standard spin Hamiltonian (Golombek and 
Hendrich 2003): 
H = βeB•ge•S + D[Sz2 – S2 + E/D(Sx2 + Sy2) +S•A•I – gnβnB•I + [3Iz2 – I2 +η[Ix2 – 
Iy2]]
where A is the nuclear hyperfine interaction, I is the nuclear spin, e is the proton 
charge, E/D is the degree of rhombic distortion in the electronic environment, Q 
is the nuclear quadrupole moment, V is the electric field gradient tensor, and eta 
is the asymmetry parameter defined by eta = (Vxx – Vyy)/Vzz. 
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2.2.9 Crystallization of No-tag (NT) BthA 
X-ray crystallography was performed by Steven Cohen in the Drennan 
laboratory at MIT. Initial crystallization screening was performed using the JCSG+ 
suite (Qiagen), and all optimization and cryoprotectant solutions were prepared 
using chemicals purchased from Hampton Research. Crystal conditions for NT 
BthA were identified through sparse matrix screening at 21C using a Crystal 
Phoenix (Art Robbins Instruments). Initials crystals formed from 150 nL of NT 
BthA (12 mg/mL in 50 mM HEPES, pH 7.8, 100 mM NaCl, 5% (v/v) glycerol) that 
was added to 150 nL of precipitant solution (200 mM ammonium nitrate, 20% (w/
v) PEG 3350) and equilibrated against a reservoir of 70 μL precipitant solution 
using the sitting drop method. After 3 weeks, crystals grew out of a heavy 
precipitate to form red rod-like crystals, which were used to generate a 
microseed stock for further optimization, larger red rod-like crystals were grown 
by adding 1 μL NT BthA (12 mg/mL in 50 mM HEPES, pH 7.8, 100 mM NaCl, 5% 
(v/v) glycerol) to 0.8 μL precipitant solution (300 mM ammonium nitrate, 22% (w/
v) PEG 3350) and 0.2 μL microseed stock and equilibrating against 500 μL 
precipitant solution using the sitting drop method. After 3 weeks crystals grew out 
of a heavy precipitate. Crystals were harvested and cryoprotected in a solution of 
200 mM NH4NO3, 25% PEG 3350, and 10% glycerol for several minutes and 
flash frozen in liquid nitrogen. A native data set of NT BthA was collected at a 
wavelength of 0.9791 Å and temperature of 100K on a Pilatus 6M pixel detector 
on beamline 24ID-C at the Advanced Photon Source (Argonne, IL). The data 
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were indexed, integrated, and scaled in spacegroup P212121 with cell edges a = 
51.20 Å, b = 84.66 Å, and c = 95.80 Å to 1.54-Å resolution using HKL2000s. 
The structure of BthA was determined to 1.54-Å resolution by molecular 
replacement in PHASER (McCoy, Grosse-Kunstleve et al. 2007). The structure of 
MauG (PDB: 3L4M, 33% identity) (Jensen, Sanishvili et al. 2010) was used as a 
search model after pruning to the last common side chain heteroatom with 
phenix.sculptor (Bunkoczi and Read 2011). A solution with 1 molecule per 
asymmetric unit was found with LLG and TFZ scores of 201 and 16.9, 
respectively. The initial model had values of 53.0% and 53.6% for the working 
and free R-factors, respectively. Iterative rounds of model building and 
refinement were performed in COOT (Emsley and Cowtan 2004) and 
phenix.refine (Adams, Afonine et al. 2010), respectively. Heme cofactors were 
added using a c-type heme cif file from the CCP4 database, which was modified 
to reduce planarity restraints, allowing for heme ruffling (Roberts, Weichsel et al. 
2001), and a parameter file was used to covalently link the two heme cofactors to 
C188 and C191 as well as C367 and C370. Once the polypeptide chain and 
heme cofactors were built, waters were added automatically and curated 
manually. Riding hydrogen atoms were added to the protein model using 
phenix.ready_set (Adams, Afonine et al. 2010). Later refinements and the final 
structure were verified using composite omit maps. 
The final model contains residues P126-Q242 and L247-P543 of 543, the 
two covalently bonded c-type heme cofactors, five nitrate ions, two chloride ions, 
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and one glycerol molecule. The first 59 residues of the construct are not 
modeled. Analysis of the final model was performed with MolProbity (Chen, 
Arendall et al. 2010), identifying 96.36%, 3.64%, and 0% of residues in the 
favored, allowed, and disallowed regions of the Ramachandran plot. Rotamer 
analysis shows 0.90% rotamer outliers. R184, M368, and E379 are listed as 
rotamer outliers, but their sidechains show clear electron density. The data 
collection, processing, and refinement statistics are summarized in Table 1. 
Figures were generated using PyMOL (Schrödinger, LLC). All structural software 
packages were compiled by SBGrid (Morin, Eisenbraun et al. 2013).
2.3 Results
2.3.1 Sequence Similarity Network of CCP_MauG domain 
 The SSN generated here (Figure 2.1) identifies uncharacterized diheme 
proteins in Burkholderia and other gram-negative soil bacteria. My network is 
comprised of protein sequences found with PFAM domain CCP_MAUG. Pooling 
over 6000 protein sequences, a stringent E-value cut-off of 10-60 was used to 
obtain an isofunctional network, resulting in a layout of several protein clusters, 
where each node represents a group of protein sequences with 80% or higher 
primary sequence identity. Using Cytoscape (Killcoyne, Carter et al. 2009) to 
graphically represent the network, I mapped out the location of canonical bCCPs 
to Cluster I, which includes NeCCP, PaCCP and SoCCP (Uniprot ID: P55929, 
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QE524, A6VBX4), despite differences in activation for these bCCP members. 
Additionally YhjA from Escherichia coli, a triheme peroxidase based on 
conservation of 3 CXXCH motifs in the protein sequence, is present in Cluster I. 
YhjA (Unirpot ID: P37197) was recently reported to use H2O2 as a respiratory 
substrate in E.coli under anoxic conditions (Khademian and Imlay 2017). YhjA 
and homologs are also found in Cluster I with other known bCCPs and enzymes 
responsive to oxidative stress. Within the main cluster, there is also presence of 
MauG orthologs from methylobacterium which are capable of metabolizing on 
either methanol or methylamine as the carbon source (Uniprot ID: Q50426, 
Q49128, Q50233). Genomic analysis of these mauG orthologs highlights a well 
defined mau operon. The separation of these MauG orthologs from the P. 
denitrificans MauG present in Cluster IIIA is reflected by differences in the 
primary protein sequence which could have evolved due to differences in the 
metabolism of the bacterium. Presence of microbes capable of growth on both 
methane and methylamine are mainly in Cluster I.
MauG from P. denitrificans (Uniprot ID: Q51658) is located in a separate 
cluster from the canonical bCCPs (Cluster IIIA). Sequences present in Cluster 
IIIA are largely predicted to be true MauG orthologs, where genome analysis 
provides evidence for a mau operon, but biochemical characterization has not yet 
been reported. Surprisingly, these MauG orthologs are also connected to Cluster 
IIIB, which represents sequences that share 32% identity to MauG and 25% 
identity to bCCPs. Proteins present in this cluster are found in gram-negative soil 
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bacteria, with Burkholderia strains being the most prevalent. Analysis of 
sequences conserved in Burkholderia confirm presence of two distinct diheme 
enzymes which I refer to as Class A and Class B. Class A enzymes are encoded 
by a gene on chromosome II and Class B enzymes are encoded by a gene on 
chromosome I in Burkholderia species. 
When the E-value cut-off is increased to 10-75, the Burkholderia orthologs 
separate from the MauG cluster (IIIA), yet both the A and B class proteins remain 
connected. A list of all sequences represented in Cluster IIIB is found in the 
appendix (Table A1). A multiple sequence alignment of the A and B enzyme from 
B. thailandensis shows a 40% sequence identity between the proteins. Both the 
A and B enzymes have conservation of a tyrosine predicted to ligate the 6c heme 
site. The N-terminal end of the A and B proteins are rich in alanine residues and 
likely hydrophobic in nature, though signal prediction servers suggest both 
proteins are exported to the periplasm. Interestingly, the Burkholderia proteins 
also have highly conserved cysteine residues on the C-terminal end of the 
protein. The distance between these two cysteine residues, 14 amino acids, is 
within the range of disulfide formation. While the work presented here does not 
explore the role of this disulfide in detail, it is likely an important factor in the 
structural integrity and unique chemistry observed for BthA. In order to 
biochemically map where the Burkholderia orthologs fall on the spectrum of 
bCCPs and MauG, I developed a heterologous expression system for the 
 39
enzymes found in B. thailandensis, BthA (Uniprot ID: Q2T6B0) and BthB 
(Q2SV64).
2.3.2 Biophysical characterization of BthA 
BthA was expressed in E.coli and purifies in the oxidized, diferric state, 
with a Soret maximum at 403 nm, and broad feature centered at 630 nm believed 
to represent a high spin, five-coordinate heme site (Figure 2.2a). Additionally, 
BthA has four distinct peaks at 495, 538, 570, and 610 nm, similar to that 
observed for heme binding protein, HasA (Izadi-Pruneyre, Huche et al. 2006). 
These features are attributed to a Tyr-His ligation for six-coordinate heme 
centers, which is later confirmed by crystallographic studies (Section 2.3.6). 
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Figure 2.2 Optical characterization of BthA purified recombinantly. A) 12.5% SDS-
PAGE of BthA (5 µM) purified by use of ion-exchange and size-exclusion 
chromatography. B) UV-Vis absorption spectrum of diferric (solid line) and dithionite 
reduced (dashed line). Spectra recorded at room temperature in 50 mM HEPES, pH 
7.8 Reduced sample incubated for 5 minutes with 1 mM dithionite before recording 

































When reduced with dithionite (Figure 2.2b) BthA produces a spectrum atypical of 
canonical bCCPs and MauG. The Soret shifts from 403 nm to 428 nm, and 
generates a broad feature at 550 nm, as opposed to sharp α/β bands at 550 and 
524 nm, respectively, reported for most reduced cytochrome c proteins. A 
reductive titration with up to 20 mM ascorbate resulted in no spectral changes, 
indicating inability of BthA to achieve a semi-reduced, mixed valent state. For So, 
absorption features characteristic of the semi-reduced state achieved by 
reduction with ascorbate include a shift in the Soret maximum from 403 to 417 
nm, with a distinct shoulder at 407 nm as well as appearance of sharp β- and α-
bands at 540 and 553 nm, respectively (Pulcu, Frato et al. 2012). Dithionite-
reduced BthA was shown to bind exogenous ligand CO, as demonstrated by a 
blue shift in the Soret to 416 nm, increase in extinction coefficient and formation 
of a broadened band in the α/β band region at 550 nm (Figure 2.2c). This 
confirmed reduction of the 5c heme site, as CO can only bind heme centers in 
the ferrous state.
The nature of the heme environment of both sites in BthA was first 
explored by use of EPR spectroscopy. As indicated by the absorption spectrum 
for as-isolated BthA, the protein is purified in the diferric state indicating both 
heme centers are EPR active. The spectrum of BthA is remarkably similar to that 
of MauG, showing two distinct heme centers (Figure 2.3). The EPR spectrum of 
diferric BthA shows a mixture of high spin (S=5/2) and low spin (S=1/2) heme 
species. Simulations of the EPR spectra were fit to the data using SpinCount 
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(Golombek and Hendrich 2003). The high spin (HS) species is axial in symmetry 
(E/D < 0.01) and consistent with a 5-coordinate (5c) heme species with g-values 
{5.87, 1.99}. This species accounts for about 0.44 mM Fe(III). The low spin (LS) 
species has g-values {2.54, 2.19, 1.86} and represents about 0.58 mM Fe(III). 
Overall, there is about a 45:55 ratio of high spin:low spin heme. This is slightly 
lower than 1:1 HS/LS heme expected. The ratio of the two species could be 
purification dependent, where some of the heme in the 5c site converts to 6-
coordinate as a function of pH as has been reported for cytochrome c (Weber 
1982). Further quantitation of the spin states of BthA as a function of pH is later 
discussed in Chapter 3 (Section 3.3.1).
 42






Figure 2.3 Spectroscopic characterization of BthA. X-Band EPR spectrum of 1.03 mM 
as-isolated WT BthA recorded at 12 K. Least-Squares simulations show a mixture of 
0.44 mM S=5/2 Fe(III) (Blue lines), and 0.58 mM S=1/2 Fe(III) (black lines) with gx = 
2.54, gy= 2.19, gz= 1.86.
5.87
1.99
LS, S = 1/2
HS, S = 5/2
2.3.3 Electrochemical properties of BthA 
I determined the electrochemical properties of the heme centers of BthA in 
order to probe how the reduction potential correlates to the spectroscopic 
features I observed for diferric and diferrous forms of the protein. I utilized 
potentiometric titrations, performed with an in-house built optically transparent 
thin-layer electrode (OTTLE) (Brisendine, Mutter et al. 2013). Monitoring the 
change in absorbance as a function of potential, the titration curve shows two 
independent reduction events for BthA. The titration curve was fit to a two step 
Nernst equation, which accounts for two independent one-electron transitions 
(Equation 2.1). In order to fit the titration curve in the ProFit curve fitting software, 
the equation was written to include constant (C) which allows for the data to be 
normalized for two one electron events to occur within the 100% reduction limit 
(Equation 2.2). The initial spectrum collected at the most positive potential (+ 370 
mV vs. SHE) represents BthA at 0% reduction, and the spectrum collected for the 
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1
10(x Em1)/(59/n1)
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Equations for titration curve. Where y is the percentage of reduced protein, x is the 
solution potential, Em1 is the midpoint reduction potential of heme site 1, n1 is the 
number of electrons passed, Em2 is the midpoint reduction potential of heme site 2, 
and n2 is the number of electrons passed, R is the energy constant (8414 Joules), T is 
temperature (K) and F is Farraday’s constant (96484 J•C/mol).
Equation 2.2 
Equation 2.1 
most negative potential (- 410 mV vs. SHE) represents BthA at 100% reduction. 
The reduction potential of the two heme centers of BthA are more negative 
compared to bCCPs, which exhibit a relatively high potential (> 300 mV vs. SHE) 
for the HP heme and low potential (< -200 mV vs. SHE) for LP heme. For BthA, 
two transitions are observed at -103 mV vs. SHE and -228 mV vs. SHE (Figure 
2.4). In the case of MauG, reduction potentials determined for the 6c and 5c 
heme are -156 mV and -240 mV vs. SHE, respectively (Li, Feng et al. 2006). The 
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Figure 2.4 OTTLE titration of BthA. Spectroelectrochemical cell (left) indicates three-
electrode component system utilized in titration. Protein sample was added to center 
compartment, 0.5 mM in width. UV-Vis spectra were recorded for each set potential 
(top right). As BthA was reduced, Soret shifted to 429 nm. Change in absorbance 
(bottom left) was plotted versus recorded potential. Absorption scans were baseline 





enzyme is unable to generate a stable semi-reduced state based on the optical 
spectrum after incubation with the chemical oxidant sodium ascorbate. 
Separation of the two heme reduction events is difficult to stabilize over the 
course of the titration. The electrochemical similarities between BthA and MauG 
support a role for BthA in similar oxidation chemistry carried out through long-
range electron transfer.
2.3.4 Evidence for bis-Fe(IV) intermediate 
MauG is the only reported diheme enzyme reported to form the bis-Fe(IV) 
intermediate when reacted with H2O2. Optically, generation of this intermediate is 
monitored by formation of a peak at 950 nm, defined as a charge resonance 
stabilization between heme 5c and 6c, due to the reversible oxidation and 
reduction of Trp93 located midway between the hemes (Geng, Dornevil et al. 
2013). This near-IR feature is consistent with a shift in Soret and appearance of 
charge transfer (CT) bands. The lifetime of the bis-Fe(IV) is 10 minutes, and the 
reduction back to the diferric state is achieved by oxidative damage of nearby 
Met residues around the 5c heme (Yukl, Williamson et al. 2013). 
By NIR, the oxidation of diferric BthA with H2O2 yielded an absorption 
feature in the near-IR with a maximum at 960 nm, attributed to the bis-Fe(IV) 
species described for MauG (Geng, Dornevil et al. 2013) (Figure 2.5a). 
Immediately after addition of peroxide to the cuvette, the peak at 960 nm was 
formed, consistent with a decrease in Soret intensity and shift from 403 to 411 
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nm, as well as appearance of CT bands at 524 and 560 nm. However, there are 
two striking differences between the bis-Fe(IV) intermediate of BthA and MauG. 
First, the timescale for the enzyme to reduce back to the diferric state is much 
slower for BthA than MauG, a very unusual finding given the proposed reactivity 
of this intermediate. Monitoring the decay of the 960 nm feature and rise of Soret 
back to 403 nm, the peroxide induced intermediate lasts over an hour, which 
might indicate oxidative damage of nearby residues is difficult because of relative 
distance of residues from the heme centers. 
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Figure 2.5 Near-IR spectrum of peroxide treated BthA. A) After addition of one 
equivalent H2O2, diferric BthA (solid line) generates a NIR feature at 960 nm (dotted 
line). Soret shifts from 403 to 411 nm and appearance of CT bands appear at 524 and 
560 nm. Spectra collected at 21.1˚C in 50 mM HEPES, pH 7.8. Single wavelength 
mode monitored decay at 403 nm (B) and 960 nm (C) after addition of H2O2 over the 
course of 120 minutes. The change in absorbance for the Soret (403 nm) and NIR 
feature (960 nm) was plotted (right). 





























When following the auto-reduction back to the diferric state using single 
wavelength mode (Figure 2.5 b, c), both the 403 nm and 960 nm time trace show 
a significant lag phase before decaying to the absorbance of the diferric state. 
The absorbance change was monitored immediately after addition of H2O2 to the 
protein sample. For the 960 nm feature, there appears to be a build up in 
absorbance for nearly 15 minutes before the decay begins. This intermediate 
build up is not seen in the 403 nm trace, which follows the reduction of the Fe(IV) 
heme back to Fe(III) for both heme sites. However, there is a similar timescale of 
15 minutes following 403 nm which does not change in absorption after addition 
of H2O2 to the protein sample. The 15 minute timescale associated with the 
buildup seen following 960 nm and the lag phase seen following 403 nm could 
suggest slow ET between the Fe(IV) heme sites and nearby residues involved in 
mediating ET. Additionally, 960 nm and 403 nm wavelengths are potentially 
monitoring two different events in the 15 minutes following addition of H2O2, and 
can be useful in trying to identify the oxidation state of the intermediate that is 
formed before the bis-Fe(IV) species reduces back to the diferric oxidation state.
Confirmation of the presumed bis-Fe(IV) intermediate of BthA was 
determined by Mössbauer spectroscopy (Figure 2.6). 57Fe-enriched BthA was 
first analyzed to verify that the 960 nm feature formed upon addition of H2O2 
corresponds to a true bis-Fe(IV) species. The Fe quantitation determined for the 
Mössbauer sample is in agreement with the EPR data shown in Figure 2.3. As in 
the case of MauG, H2O2 treated BthA results in appearance of two quadrupole 
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doublets in equal amounts 1) δ = 0.07 mm/s, ΔEq = 1.68 mm/s; 2) δ = 0.17 mm/
s, ΔEq = 2.60 mm/s. (Figure 2.6). For the Mössbauer sample, 10 equivalents of 
H2O2 was reacted with BthA to ensure formation of the intermediate. Reaction 
with excess H2O2 resulted in complete conversion to the bis-Fe(IV) state. Future 
experiments to understand the amount of H2O2 reacted with BthA are necessary 
to address the stoichiometric amounts required for formation of the intermediate. 
2.3.5 Peroxidase activity for MauG-like enzyme 
While initial biophysical characterization of BthA draws attention to the 
highly similar spectroscopic properties between BthA and MauG, the genomic 
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Figure 2.6 Mössbauer spectra of diferric and peroxide treated BthA. Spectra recorded 
in an applied field of 45 mT || to the incident γ radiation, at a temperature of 4.2 K. As-
isolated WT BthA (top spectrum) has equal amounts of high spin and low spin Fe(III) 
as seen in the EPR. After addition of peroxide, the diferric state converts in full yield to 
a bis-Fe(IV) species upon addition of 10 equiv. H2O2 (bottom). Generation of two 
distinct quadrupole doublets are observed. Solid black line represents simulation of the 
bis-Fe(IV) species using Spin Count.
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context of B. thailandensis indicates bthA it is not part of a mau operon and 
therefore plays a functional role beyond TTQ biosynthesis. I set out to explore 
the H2O2 reactivity of BthA in terms of peroxidase activity, as BthA shares 25% 
sequence identity to bCCP family member, NeCCP. Using ABTS as the artificial 
electron donor, peroxidase activity was determined following a similar protocol 
described for diheme enzyme CcpA from Geobacter sulfurreducens (Hoffmann, 
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Figure 2.7 ABTS-linked peroxidase activity assay. A) Oxidation of ABTS in the 
presence of H2O2 and BthA. Product formed represents ABTS•+ with absorption at 420 
nm. B) Peroxidase activity of BthA. Activity determined using ABTS as an artificial 
electron donor. Reaction was enzyme initiated and monitored the oxidation of ABTS at 
420 nm. Peroxide concentration from 0.3 to 30 µM were collecting in triplicate. Data fit 















ABTS ABTS•+, 420 nm 
Seidel et al. 2009). For BthA, the catalytic efficiency for H2O2 reduction was 
determined to be kcat/Km = 1.8 x106 M-1s-1 (Figure 2.7), with a relatively low Km of 
3.4 ± 0.4 µM for H2O2. These kinetic values compare to canonical bCCPs with 
kcat/Km values ranging from 106-108 M-1s-1. For most bCCPs, the native 
cytochrome c electron donor is used in solution assays, however it is not known if 
BthA has a small redox partner capable of donating electrons for H2O2 reduction. 
Activity was also determined with use of commercially available cytochrome c 
from horse heart  (HH cyt c) (reduced) as the electron donor, but no detectable 
activity was observed. Likely the interaction between BthA and cyt c was not 
favorable and therefore resulted in poor electron transfer. To address the 
sensitivity of the ABTS-linked assay, I also checked activity of the E277Q variant. 
This mutation was designed to eliminate the ability of Glu277 to act as an acid-
base catalyst during peroxide turnover, a key residue for canonical bCCPs 
(Pettigrew, Echalier et al. 2006). As suspected, the E277Q variant was inactive 
compared to the wild-type enzyme.
2.3.6 Structure determination of BthA 
To examine the molecular basis of the differences between BthA and other 
members of the bCCP superfamily, the crystal structure of aerobically prepared 
BthA was obtained in collaboration with the Drennan research group at MIT. The 
crystal structure indicates an overall fold similar to MauG. As suspected, Tyr463 
acts as the sixth ligand to the LS heme site. Notably, the structure revealed the 
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Figure 2.8 Crystal structure of BthA. Structure of BthA (top) was solved to 1.54 Å 
resolution. A close look at the heme sites (bottom) verified Tyr-His ligation of the 6c 
heme site and open coordination side on heme 5 c. Midway between the heme site 
there is a serine residue. Structure also revealed presence of a disulfide bond 




Edge to Edge distance: 14.9 Å
Fe to Fe distance: 20.7 Å
presence of a unique disulfide bond between residues C415 and C430. Disulfide 
bonds are not typically found in bacterial peroxidases. Disulfide bonds present in 
proteins are often associated with structure, thermodynamics and folding; 
formation and reduction of a disulfide bond can alter the chemistry of a protein by 
changing conformation or stability (Wedemeyer, Welker et al. 2000). The 
structural integrity of the disulfide bond of BthA is not yet understood, though 
mutational analysis of Cys415 and Cys430 are important for addressing if protein 
stability is at all impacted. The functional significance of this disulfide is currently 
being explored, and may aid the search for the physiological role of BthA. 
Of most interest, the structure reveals a major deviation from the 
canonical traits associated with electron transfer in MauG and other bCCPs 
(Figure 2.8). In the case of MauG, Trp93 is a key residue required for TTQ 
biosynthesis, as is presence of a tightly bound Ca2+ ion (Shin, Feng et al. 2011). 
These structural motifs are also highly conserved in bCCPs and important for 
electronic communication between the two heme sites (Shimizu, Schuller et al. 
2001). Shockingly, BthA lacks both of these structural features. Midway between 
the heme centers of BthA, the structure reveals a serine residue (Ser257). 
Ser257 was mutated to alanine (S257A) and tryptophan (S257W) in order to 
probe the role of this residue in direct electron transfer between the 5c and 6c 
heme sites. Surprisingly, the kinetic values for peroxide turnover of both 
mutations (kcat/Km = 106 M-1s-1) compare to Wt. Additionally, formation of the bis-
Fe(IV) intermediate based on NIR experiments (Figure 2.9) was not impaired for 
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S257A and S257W. These results suggest Ser257 is not directly responsible for 
the electronic communication between the peroxidatic active site and 6c heme 
site, and electron transfer occurs through an unidentified pathway within the 
protein.
In both monoheme and diheme peroxidases, presence of a tightly bound 
calcium ion is important for activity and structural integrity (Ogawa, Shiro et al. 
1979).  With respect to canonical bCCPs, binding of calcium to the Paracoccus 
peroxidase promotes its activation and appears to induce conformational 
changes surrounding the immediate environment of the low potential heme 
(Prazeres, Moura et al. 1995), findings also reported for MauG (Shin, Feng et al. 
2011). The Ca2+ ion in MauG is tightly bound through coordination to the main-
chain carbonyl oxygen atoms of Thr275 and Pro277, the oxygen atom of the 
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Figure 2.9 NIR for H2O2 treated Ser257 variants. BthA variants were reacted with one 
equivalent H2O2. Data collected in 50 mM HEPES, 100 mM NaCl, 10% glycerol, pH 
7.8 at 21.0˚C. Diferric protein (black line) is the as-isolated state of the variants. H2O2 
treated spectrum for S257A (blue) and S257W (green) shows formation of a peak at 
960 nm, appearance of CT bands at 524, 560 nm, and shift in Soret. 
Asn66 side chain, and four additional water molecules. Additionally, the 
propionate A carboxylate oxygens of heme 6c are hydrogen bonded to two of the 
waters that provide Ca2+ ligands (Figure 2.10). The arrangement of the 
analogous residues involved in calcium binding and the heme propionate group 
is identical for both bCCPs and MauG. For BthA, the presence of the Lys444 is in 
the position of the conserved threonine residue (Thr275 of MauG) and Ser446 is 
in place of the highly conserved proline residue (Pro277 of MauG). BthA does not 
appear to be capable of binding a Ca2+ ion, setting this enzyme apart from both 
bCCPs and MauG. Instead, the position of the conserved Ca2+ is accommodated 
by Lys444 for BthA. It is possible Lys444 provides the positive charge and 
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Figure 2.10 Ca2+ binding site of MauG overlaid with BthA. Residues involved in 
binding of Ca2+ (orange sphere) are shown. Gray residues represent BthA, orange 
residues represent MauG. For BthA, residues shown are annotated in black, MauG are 








structural integrity typical of a bound Ca2+ ion present in peroxidases. Mutational 
analysis of Lys444 will be important to confirm this hypothesis and address this 
key structural difference of BthA compared to bCCPs and MauG.
2.4 Discussion
Here, I introduce an exciting new class of diheme enzymes found in all 
Burkholderia species. By use of bioinformatics, I identified a cluster of protein 
sequences comprised of diheme enzymes that stand out from the traditional 
bCCPs and well characterized MauG enzymes, and combines the unique H2O2 
reactivity of both families. BthA is the first reported diheme enzyme from gram 
negative bacterium, B. thailandensis E264, which shares high sequence and 
spectroscopic similarity to MauG with respect to the heme cofactors. Reports on 
the chemical and biophysical characterization of MauG confirm this enzyme is 
essential in the biosynthesis of TTQ, and a look at the genomic context show this 
protein is encoded by the mauG gene present in the well defined mau operon of 
P. denitrififcans. However in the case of BthA, the genomic context of the bthA 
gene is not well characterized, supporting a role for this protein outside of TTQ 
biosynthesis. My results on the biophysical characterization of BthA prove this 
diheme enzyme has a role in H2O2 reactivity which extends beyond traditional 
bCCPs and MauG. 
Though BthA catalytically reduces H2O2 to water in the presence of an 
artificial electron donor, the spectroscopic characterization proposes a role for 
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BthA in oxidation chemistry by use of a bis-Fe(IV) species, which has until now, 
only been reported for MauG. The diversity in H2O2 reactivity of bacterial diheme 
peroxidases highlights the complex chemistry of microorganisms, and the 
powerful oxidation reactions essential for maintaining viability of the cell. 
Extensive research on the oxidative power of the novel bis-Fe(IV) species of 
MauG, and now BthA, exemplifies the impressive chemistry carried out by heme 
containing peroxidases.
2.4.1 Redox properties of BthA are similar to MauG, yet BthA is catalytically 
competent for hydrogen peroxide turnover 
Purified BthA was first analyzed optically by use of UV-Vis spectroscopy. 
The protein purifies in a diferric, Fe(III)Fe(III) state suggesting full oxidation of the 
protein upon lysis. Reduction studies of BthA in the presence of chemical 
reductant dithionite (-660 mV vs. SHE) produces an overall reduced spectrum 
atypical of canonical bCCPs and MauG. The large shift of the Soret from 403 nm 
to 429 nm and broad feature in the charge transfer region at 550 nm of reduced 
BthA are likely due to differences in the heme environment compared to MauG 
and bCCPs which instead have a shift in Soret to 415 nm with an increase in 
extinction and appearance of very sharp α- and β-bands at 550 and 524 nm, 
respectively (Arciero and Hooper 1994, Li, Feng et al. 2006). CO binding to 
dithionite-treated BthA verified the dithionite reduced spectrum of BthA was 
represented of a diferrous state, as CO shows binding to the 5c heme site, which 
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is believed to be lower in potential than the 6c heme. Additionally the Tyr-His 
coordination of the 6c heme is unlikely to be lost upon reduction of the heme iron 
to Fe(II), blocking the ability of an exogenous ligand like CO from binding at both 
heme centers.
To quantitatively determine the potentials at which each heme site of BthA 
undergoes a reduction from Fe(III) to Fe(II), I performed spectroelectrochemical 
titrations. The reduction potentials determined for the 6c and 5c hemes of BthA , 
-228 mV and -103 mV vs. SHE, respectively, are shifted more negative in 
potential when compared to bCCPS. The values of BthA compare well to the 
reported values obtained for MauG with the 6c heme site reported to be -156 mV 
vs. SHE and the 5c heme site reported to be -240 mV vs. SHE (Li, Feng et al. 
2006). The close potential values of each heme site suggest fast reduction of 
both hemes, supporting the inability of BthA to form the well characterized semi-
reduced, mixed-valent state observed for bCCPs. The semi-reduced state of 
bCCPs represents Fe(II) at the HP heme (typically > +300 mV vs. SHE), and 
Fe(III) at the LP heme site (typically -250 mV vs. SHE). The 500 mV difference in 
potential between the HP and LP heme of bCCPs allows for each heme to 
reduce independent from one another where as for BthA, the 100 mV difference 
makes it difficult to maintain a stable Fe(II)Fe(III) state.
However, despite similarities in reduction potentials of the heme centers of 
BthA compared to MauG, BthA appears to catalytically reduce H2O2 to water. 
This reduction is not reported for MauG; traditional dye-coupled peroxidase 
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activity assays with a range of external electron donors (o-dianisidine, P. 
denitrificans cytochrome c-551, c-552, and horse heart cytochrome c), resulted in 
no activity for the enzyme (Wang, Graichen et al. 2003). Structural differences 
between bCCPs and MauG, such as the coordination environment of the 6c 
heme, is thought to greatly impact the kinetic results reported. The sixth ligand 
tunes the electrochemical properties of the heme center; for bCCPS, Met-His 
ligation results in positive potential values, allowing for a role in ET to the active 
site, LP heme during catalysis (Pulcu, Frato et al. 2012). 
For BthA, it is possible the 6c heme site is not directly involved in the 
catalytic cycle of H2O2 reduction, and instead catalysis occurs at the 5c heme 
site. If electron transfer from the 6c heme site to the 5c heme site is not 
mediated, this suggests BthA is more promiscuous with respect to the catalytic 
mechanism for H2O2 reduction compared to canonical bCCPs. Additionally, in the 
ABTS dye-coupled assay, the electron donor is in significant excess compared to 
the protein, and could be out-competing electron transfer between the two heme 
sites and more efficiently reducing the intermediates produced at the 5c heme 
site to reduce H2O2 to water. Additionally, it could be hypothesized formation of 
the bis-Fe(IV) species is not required for H2O2 reduction, and the chemistry only 
occurs at the 5c heme site where electrons from an outside source are supplied 
to carry out the reaction.
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2.4.2 Verification of the bis-Fe(IV) intermediate 
It has been reported that the tryptophan mediated pathway between the 
5c and 6c heme sites of MauG as well as the electrochemical properties of the 
cofactors are responsible for generation of the bis-Fe(IV) species. The 
Mössbauer and NIR results presented confirm BthA is also capable of bis-Fe(IV) 
formation, but the ET pathway employed for oxidation of both hemes is unclear. 
Reduction potentials and coordination environment of BthA compare to values 
reported for MauG, yet the key tryptophan essential for mediating ET in MauG is 
replaced with a Serine residue in BthA. Mutation of Ser257 to tryptophan or 
alanine did not alter the NIR spectrum for H2O2 treated BthA. Identification of the 
ET pathway within the protein scaffold of BthA is important for highlighting the 
differences in H2O2 reactivity that distinguishes BthA from MauG. Additionally, the 
indirect pathway for ET within BthA could suggest multiple pathways available for 
electrons to transfer between the 5c and 6c heme site.
The electron transfer pathway for bis-Fe(IV) formation of BthA is likely 
also related to the slow decay of this intermediate, as BthA stabilizes the bis-
Fe(IV) state for over an hour when in the absence of an electron donor. In the 
case of MauG, presence of Trp93 is essential for mediating the electron transfer 
between the two heme sites for both formation of the bis-Fe(IV) species and 
auto-reduction of the intermediate back to the diferric state. The distance from 
the 5c heme iron and 6c heme iron is 21 Å, but with the presence of Trp93, the 
distance from one heme site to Trp93 becomes 5.4 Å. For BthA, an indirect ET 
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pathway between the heme sites likely contributes to the slow auto-reduction of 
the bis-Fe(IV) to Fe(III)Fe(III) given the shortest distance between the 5c and 6c 
heme is the edge to edge heme distance of 15 Å. 
Following the decay of the bis-Fe(IV) species through both the Soret (403 
nm) and charge resonance feature (960 nm), single wavelength time traces 
indicate a unique build up of an intermediate seen for 960 nm. The 15 minute 
time scale of this intermediate build up at 960 nm is consistent with a lag phase 
in the 403 nm feature. The buildup might reflect stabilization of the 
Fe(IV)Fe(IV)=O oxidation state before the auto-reduction back to Fe(III)Fe(III). It 
is unclear if multiple species are required before both heme sites are oxidized to 
Fe(IV). It could be hypothesized that a protonation step at either the 6c or 5c 
heme site is necessary to begin the reduction of Fe(IV) to Fe(III). 
Additionally, the isomer shift of the outer quadruple doublet, representative 
of heme 6c, is higher in value suggesting the ferryl species is protonated, similar 
to the protonated compound-II (Cpd-II) species of CPO. Typically, Cpd I species 
have smaller reported ΔEq values (around 1.0 mm/s), whereas Cpd II species 
usually have larger values of ΔEq. In both Fe(IV) species of BthA, the 
quadrupole splittings are larger and suggestive of Cpd II. For BthA the two 
quadruple doublets are generated in equal amounts with the 5c heme site 
reported as δ = 0.07 mm/s, ΔEq = 1.68 mm/s; and the 6c heme site reported as 
δ = 0.17 mm/s, ΔEq = 2.60 mm/s. The large shift of heme 6c is consistent with a 
protonated Cpd-II species (Stone, Hoffart et al. 2006). It is therefore proposed 
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that the 6c heme site, when oxidized to Fe(IV) is likely Fe(IV)-OH-Tyr, where the 
tyrosine ligand maintains a weak interaction with the heme site and remains 
protonated. Further spectroscopic studies are necessary to understand the role 
of protonation on the formation of the bis-Fe(IV) species, especially the 
differences in isomer shift of the two Fe(IV) species compared to other known 
enzymes. While the bis-Fe(IV) intermediate has been verified for BthA, a deeper 
understanding for the physiological significance of this species is needed. The 
bis-Fe(IV) species is absolutely required for the biosynthesis of TTQ in the case 
of MauG, yet research is needed to identify the unique oxidative power of this 
intermediate with respect to the BthA function.
2.4.3 Structure of BthA suggests unprecedented internal ET 
Crystallographic data verified the Tyr-His ligation of the 6c heme, 
supporting the results from the EPR studies, electrochemical titration, and 
similarities in H2O2 reactivity between BthA and MauG. Key structural anomalies 
of BthA, such as Ser257 midway between the heme sites and presence of a 
surface exposed disulfide, are distinct with respect to MauG and traditional 
bCCPs. Currently, the contribution of the disulfide to either the function or 
structure of BthA is unknown, but conservation of the C-terminal cysteine 
residues involved in the disulfide formation is seen for both the Class A and Class 
B proteins present in Burkholderia. Overlaying the MauG and BthA structures, a 
nearly identical overall fold is observed implying single point mutations may not 
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provide enough evidence for the importance of the disulfide or Ser257 (Figure 
2.11) with respect to the dual peroxide reactivity observed. Mutation of Ser257 to 
either tryptophan or alanine did not impact the dual functionality of BthA. The 
distance between the heme sites of BthA also compares to MauG and bCCPs 
where the Fe to Fe distance is 21 Å and the edge to edge distance is 14.5 Å. 
Without presence of the highly conserved Trp residue midway between the heme 
sites of BthA, it is suspected the ET rate is slower as direct ET from edge to edge 
is nearly 15 Å, which is at the limit of efficient ET.
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Figure 2.11 BthA structure overlaid with MauG. BthA (grey) is aligned structurally with 
the peroxidase subunit of the MauG:preMADH complex (orange). The heme active 
sites show similar geometry, with the 6c heme site nearly identical. Midway between 
the heme sites Ser257 of BthA (grey) is shown in the same position as Trp93 of MauG 







It is not directly apparent how BthA carries out ET between the heme sites 
to generate the bis-Fe(IV) species, since Ser257 is the only residue midway 
between which could have implications in ET from the 5c to the 6c heme. Site-
directed mutagenesis of Ser257 to alanine, a residue which should inhibit 
electron transfer, helped address the role of this position in ET. The S257A and 
S257W variants did not impair the ability of the enzyme to produce the NIR 
spectrum of WT after reaction with H2O2. This results indicates the pathway from 
ET does not require hole-hopping through Ser257. While both bis-Fe(IV) 
formation and peroxidase activity were not altered for the Ser257 variants, it 
should be noted the stability of these variants differs significantly from WT. The 
variants require high salt (100 mM NaCl) and a stabilizing agent (10% glycerol) to 
keep the protein from precipitating out of solution. Changes in stability could be 
reflective of a structural change for S257A and S257W compared to WT. 
2.4.4 A missing Ca2+ ion sets BthA apart from bCCPs and MauG 
In both canonical bCCPs and MauG, presence of a tightly bound Ca2+ has 
been reported as an essential feature for maintaining both the dimeric interface 
of bCCPs and enzymatic activity of bCCPs and MauG (Shin, Feng et al. 2011, 
Shin, Feng et al. 2013). Mutational analysis of Trp93 in MauG (W93Y) resulted in 
loss of Ca2+ binding, and intriguingly this variant was unable to crystalize, leaving 
an open question for why Ca2+ is essential with respect to the structural integrity 
of the protein (Shin, Feng et al. 2013). Furthermore, Ca2+ has been shown to 
 63
greatly impact the heme conformation and spin state of MauG. Depletion of the 
calcium ion from the MauG protein altered the geometry of the 5c, HS heme site 
resulting in only 10% of the original signal intensity and presence of two LS heme 
states in the resonance Raman of the Ca2+ depleted protein. Additionally, Ca2+-
depleted MauG was inactive toward TTQ formation (Chen, Naik et al. 2012). 
For BthA, the residues involved in binding Ca2+ in MauG and bCCPs are 
not conserved, and in the pocket of where the ion typically binds is instead a Lys 
residue. Lys444 may have a structural role in conserving the geometry of the 
heme sites to ensure electronic communication between the 5c and 6c heme, as 
has been reported for MauG and other c-type heme peroxidases (Chen, Naik et 
al. 2012). Mutational studies of Lys444 are important for confirming the role of 
this residue in the structural integrity of the protein. Variants generated are 
necessary to address if either the peroxidase activity or bis-Fe(IV) formation are 
impacted. Another structural feature present in BthA worth exploring is the unique 
disulfide present on the C-terminal end of the protein which is highly conserved 
with respect to proteins found in Burkholderia. A double variant of C415 and 
C430 (C415SC430S) has been prepared and requires experimentation to 
address if mutation of these cysteine residues to serine, preventing disulfide 
formation, affects the structural integrity of BthA or peroxide reactivity. 
 64
2.5 Conclusion
This chapter discusses the results for the initial biophysical 
characterization of BthA. By use of biochemical and biophysical techniques I 
explored the H2O2 reactivity of BthA by use of in vitro assays, determined the 
reduction potentials of the centers, and defined the electronic environment of the 
heme sites by use of EPR and Mössbauer spectroscopy. My findings support the 
identification of BthA as dual functioning peroxidase, reminiscent of both bCCPs 
and MauG. While electronic characterization of the heme 5c and 6c site are most 
similar to MauG, BthA catalytically reduces H2O2 to water, a reaction MauG is 
unable to carry out. Differences in the electrochemical properties of the 6c heme 
site of BthA and bCCPs, yet similarities with kinetic parameters for H2O2 turnover, 
suggest differences in the reaction mechanism for BthA. Excitingly, BthA is also 
capable of generating the bis-Fe(IV) intermediate highlighting a potential for this 
enzyme in unprecedented oxidation chemistry.
Futhermore, structural studies reveal how the sequence of BthA has 
diverged from the canonical bCCPs and MauG. While the distal pocket of the 
active site heme is highly conserved, residues known to play a role in ET are 
absent in the BthA structure, such as the functionally essential tryptophan found 
midway between the heme sites of bacterial diheme peroxidases and MauG 
(Schutz, Seidel et al. 2011). These preliminary results aid in our understanding of 
the potential role of BthA in H2O2 detoxification and how this ortholog introduces 
a new area of oxidation chemistry present in microorganisms.  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Chapter 3: Protonation States and Identity of Tyr463 Ligand to Understand 
the Bis-Fe(IV) Species 
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3.1 Introduction 
Chapter 2 laid out the initial experiments describing a new area of 
sequence space of the bCCP superfamily which led to the identification and 
characterization of Burkholderia enzyme, BthA, as a dual functioning peroxidase. 
When in the presence of an external electron donor, BthA catalytically reduces 
H2O2 to water, presumably through a similar kinetic mechanism reported for 
diheme bCCP from Nitrosomonas europaea (Bradley, Chobot et al. 2004). While 
further studies are needed to understand the mechanism of H2O2 turnover for 
BthA, work presented in Chapter 2 illustrated that BthA upon reaction with H2O2 
in the absence of an electron donor generates the bis-Fe(IV) species, which to 
date has only been reported for diheme enzyme, MauG from Paracoccus 
denitrificans (Li, Fu et al. 2008). For H2O2 treated BthA, NIR, EPR and 
Mössbauer were used to capture this intermediate. In the case of traditional 
bCCPs, the 6c heme site is Met-His ligated, tuning the heme for direct ET to the 
5c heme site during the catalytic mechanism of H2O2 reactivity. Alternatively, 
MauG has a 6c heme site that is Tyr-His ligated and critical for modulating the 
potential of the heme to allow for the formation of the bis-Fe(IV) species (Abu 
Tarboush, Jensen et al. 2010). This intermediate is required for the biosynthesis 
of TTQ, and sets MauG apart from the electron transfer studied within the bCCP 
family.
Like MauG, BthA has two heme cofactors, with the 5c heme site 
conserving features of the active site of bCCP family members, and the 6c heme 
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site maintaining Tyr-His ligation. Structural similarities between the heme sites of 
of BthA and MauG help to understand how the electrochemical properties of the 
cofactors play a role in generation of the bis-Fe(IV) species. Yet in the case of 
BthA, stabilization of the bis-Fe(IV) state lasts for over an hour, an 
unprecedented time scale for such a high potential oxidant. Furthermore, BthA 
does not have conservation of a Trp residue midway between the heme sites, 
making it unclear how electrons are transferred from the site of H2O2 binding to 
the Tyr-His ligated heme, and why auto-reduction of the bis-Fe(IV) state to the 
diferric state is prolonged. This implies an unprecedented ET pathway for both 
H2O2 turnover and bis-Fe(IV) formation for BthA, and questions the potential 
relevance of this intermediate with respect to the in vivo function of the enzyme.
To further probe the chemistry of the bis-Fe(IV) state, I examined the role 
of pH on the spin state of the heme cofactors of BthA, as well as the heme 
reduction potentials. I also designed mutations at the 6c heme site. Mutating 
Tyr463 to Met and His, I generated a Met-His ligation typical of bCCPs, and a 
bis-His ligation reported for many cytochrome c proteins. As suspected, both 
Y463M and Y463H were incapable of forming the bis-Fe(IV) species by use of 
NIR, but surprisingly the kinetic parameters of H2O2 reduction in the dye-coupled 
ABTS-linked peroxidase assay were unchanged. Additional results from 
collaborators in the Drennan lab and Hendrich lab help to not only complete the 
biophysical characterization of Y463M but support importance of protonation of 
Tyr463 for bis-Fe(IV) formation and stability of the heme sites for reactivity. 
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Surprisingly, introduction of Met463 to the 6c heme site proved the aerobically 
Y463M purified with a stable Fe(IV)=O at the 5c heme site, which was observed 
by Mössbauer and implies a role in O2 binding to generate this ferryl species. 
Lastly, I explored the impact of oxygen on the preparation of WT and Y463M. The 
findings presented in this chapter highlight the importance of pH on not only the 
formation of the bis-Fe(IV) state, but also on the decay of the species back to the 
diferric, resting state of the enzyme. As suspected, mutational studies of Tyr463 
confirm the importance of this ligation environment for the bis-Fe(IV) intermediate 
and furthermore how alteration of the 6c heme site impacts the binding site at the 
5c heme.
3.2 Materials and Methods 
3.2.1 Expression and purification of Y463H and Y463M 
Site-directed mutagenesis was carried out using Quik Change lightning II 
kit (Agilent). Primer sequences are listed in Table 3.1. Mutations were verified by 
sequencing (GeneWiz). Expression and purification of Y463H and Y463M 
followed protocol described for WT BthA (Section 2.2.3). Concentration of 
Table 3.1: Sequence of oligonucleotides used for Site-Directed mutagenesis of 
Tyr463










purified protein was determined by Bradford Assay. Samples were buffer 
exchanged into 50 mM HEPES, 100 mM NaCl, 10% glycerol and kept at -80˚C. 
3.2.2 UV-Visible Spectroscopy 
UV-visible spectra for the oxidized and reduced state of BthA and variants 
was obtained on a Cary 50 spectrophotometer (Agilent) using 1 mL quartz 
cuvettes (Starna cells). The oxidized state was determined under aerobic 
conditions at 21.0˚C in 50 mM HEPES, 50 mM NaCl, pH 7.8 buffer. For reduction 
of the heme centers, either sodium dithionite or sodium ascorbate was added to 
the cuvettes to a final concentration of 1 or 5 mM under anaerobic conditions with 
the use of gas-tight syringes (Hamilton). For Y463M, reduction with ascorbate 
was achieved after incubation of protein with 50 equivalents ascorbate. Scans 
were collected every 2 minutes for 1 hr after addition of reductant. Consecutive 
scans showed a shift in baseline therefore data was baseline corrected by taking 
the average absorbance from 780-800 nm and subtracting this value from each 
data point. Final spectra were then normalized to a Soret absorbance (402 nm) 
of 1.0. For pH varying single wavelength scans, collected BthA (diferric) and 
treated with one equivalent H2O2 in multicomponent buffer at either pH 5, pH 7.0 
or pH 9.0. Verified Soret bleaches upon addition of H2O2. Monitored the rise of 
Soret back to diferric position in single wavelength mode for 120 minutes.
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3.2.3 Steady-state kinetic assay 
Peroxidase act iv i ty was determined using 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS, Sigma) as described in Section 
2.2.5. Enzyme was added to final concentration of 60 nM (determined by 
Bradford).
3.2.4 OTTLE titrations 
Titrations were performed using an in-house built OTTLE cell following the 
design reported (Brisendine, Mutter et al. 2013). Protein was assayed at a final 
concentration of 5 µM in multicomponent buffer [5 mM HEPES, MES, MOPS, 
CAPS, TAPS and CHES, 100 mM NaCl, pH 7.0]. Titration was performed at 
21.0˚C. Full details are described in Section 2.2.6. For Y463H, mediator mix 
included indigo trisulfonate (-80 mV vs. SHE), 1,4-hydroxynapthoquinone (-150 
mV vs. SHE), Janus Green B (-225 mV vs. SHE), Safranin T (-290 mV vs. SHE) 
and benzyl viologen (-330 mV vs. SHE). For Y463M, mediator mix included 2,6-
dichlorophenol (+217 mV vs. SHE),  phenylmethanosulfonate (+ 80 mV vs. SHE), 
1,2-napthoquinone (+ 150 mV vs. SHE), Janus Green B (-225 mV vs. SHE), and 
Safranin T (-290 mV vs. SHE).
3.2.5 Protein Film Voltammetry (PFV) 
Electrochemistry experiments were performed using a three component 
electrode system in an anaerobic chamber (MBraun). Set-up consisted of a 
saturated calomel electrode (Fisher) and platinum wire counter electrode. 
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Pyrolytic graphite edge (PGE) electrodes were used as the working electrode. To 
prepare the PGE electrode, the graphite surface was sanded and polished with 
an aqueous mix of 1 µM alumina before sonication in Milli-Q water for 2 minutes. 
Polished electrodes were then let to dry before depositing 16 µL of multi-walled 
carbon nanotube (MWCNT) mixture. Mixture consisted of 1 mg MWCNT (sigma) 
in 1 mL of DMF. Solution of sonicated for 15 minutes before pipetted onto the 
polished PGE surface. Electrodes were left to dry overnight to ensure surface 
was sufficiently coated and DMF was no longer present. Before depositing 
protein, electrodes were rinsed excessively with water and left to dry. For 
preparation of adsorbed protein onto the MWCNT-coated surface, 1-4 µL of ~400 
µM protein was pipetted onto the electrode and left to stand for 30 seconds 
before excess protein was pipetted off. Cell solution consisted of multicomponent 
buffer [5 mM HEPES, MES, MOPS, CAPS, TAPS and CHES, 100 mM NaCl] to 
allow for collection at varying pH from 5.0 to 9.5. Experiments were carried out at 
4˚C. Measurements were recorded on a PGSTAT 12 Autolab (Ecochemie) 
potentiostat. Data was analyzed using QSoas (Fourmond 2016).
3.2.6 Near-infrared spectroscopy 
Near-IR spectra were recorded following procedure described in Section 
2.2.7. Protein (5 µM) was prepared in 50 mM HEPES, pH 7.8. Spectra were 
collected at 21˚C in 1 mL quartz cuvettes (Starna Cells). For H2O2 treated 
samples, H2O2 was added to a final concentration of either 5 or 50 µM. H2O2 
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stock solutions were prepared in MQ water from 30% (w/v) reagent grade stock 
(Sigma Aldrich). Cuvette was immediately inverted after addition of H2O2 and 
scanned immediately. For single wavelength studies, the stability of the bis-
Fe(IV) species was monitored following 403 nm and 960 nm. After addition of 
H2O2 to the protein sample, the absorbance was monitored for 120 minutes. 
Single wavelength studies were collected in 50 mM HEPES, pH 7.8. When 
specified, pH was varied in multicomponent buffer. 
3.2.7 EPR spectroscopy of pH varying BthA and as-purified Y463M
BthA protein samples were exchanged in the following multicomponent 
buffer [5 mM: sodium acetate, MES, MOPS, HEPES, TAPS, CAPS, CHES, 100 
mM NaCl], 10% glycerol. BthA protein samples were exchange into the sample 
buffer with pH of 5.5, 6.5, 7.8, 8.5, 9.5 and 10.2. 300 µL of protein was 
transferred to quartz EPR tubes (Sigma) using gas-tight Hamilton syringe and 
frozen over liquid nitrogen. X-band (9.44 GHz) EPR experiments were recorded 
on a Bruker ELEXSYS-II E500 CW-EPR equipped with Oxford Instruments 
ESR-10 continuous flow liquid helium cryostat to achieve low temperature of 14 
K. Spectra were collected at 9.38 GHz, 0.4 mW power, receiver gain 40 dB, 
modulation amplitude: 10, conversion time: 163 ms, sweep time: 667 sec, 4096 
pts. Collected spectra were background subtracted to remove cavity signal and 
sent to Hendrich lab for analysis using SpinCount. Simulations and ratios 
calculated were done by A. Weitz.
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3.2.8 Mössbauer and EPR spectroscopy of Y463M 
Incorporation of 57Fe was achieved through expression of Y463M in 
minimal media (MM) as described for WT BthA (Section 2.2.8). Expression of 
57Fe-Y463M was carried out as described above with the final 57Fe-Y463M 
sample prepared in the same final sample buffer [50 mM HEPES, 100 mM NaCl, 
10% glycerol, pH 7.8]. For Mössbauer and EPR data collection and analysis of 
57Fe-Y463M, sample was sent to Hendrich lab (Carnegie Mellon University).
3.2.9 Crystal Structure of Y463M 
Structure solved by S. Cohen (Drennan Lab, MIT) following similar data 
collection and refinement reported for BthA.
3.2.10 Anaerobic purification of WT and Y463M
Purification of WT BthA followed the protocol described in Section 2.2.3. 
For the first column, 50 mL of SP-sepharose resin was pre-equilibrated in 
anaerobic chamber one week prior to use. All buffers were prepared 
anaerobically in N2/H2 atmosphere (COY labs). Cell pellets were purged into the 
anaerobic chamber on day of the purification. All lysis steps and column loading 
was done inside the chamber. Protein bound to SP-sepharose was washed with 
150 mL of 120 mM NaCl buffer and eluted at 240 mM NaCl as described for 
aerobically purified BthA. Eluted protein was concentrated by loading onto HiTrap 
S (GE) resin, equilibrated in 50 mM HEPES, 100 mM NaCl, pH 7.8 using 
AktaStart automatic purification system (GE). Protein was eluted in a high salt 
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buffer from HiTrap S [50 mM HEPES, 500 mM NaCl, pH 7.8]. Sample was not 
run onto S-100 size exclusion to avoid stability issues due to temperature. 
Samples were aliquoted into 200 µL volume and flash frozen over liquid nitrogen 
before storage in CryoPro liquid nitrogen dewar (VWR). 
Purification of Y463M under anaerobic conditions requires presence of a 
chemical oxidant upon cell lysis to allow for the protein to bind with the cation 
exchange resin (SP-sepharose, GE). When lysed anaerobically, Y463M is 
resuspended in the traditional lysis buffer with 1 mM potassium ferricyanide. 
Oxidation of the sample is necessary for the protein to bind to the SP-sepharose 
resin. Once loaded onto the column, prep follows WT. Eluted samples in high salt 
buffer [50 mM HEPES, 300 mM NaCl, pH 7.8, 10% glycerol]  were stored in liquid 
nitrogen. Purification was performed at room temperature.
3.2.11 Air oxidation of anaerobically purified WT and Y463M
Anaerobically purified proteins were immediately transferred to a 1-mL 
quartz cuvette with screw cap while in the anaerobic chamber (COY labs). The 
absorption spectrum of anaerobically purified protein was collected before 
exposing the cuvette to atmosphere and continually scanning every 1.5 minutes. 




3.3.1 Role of pH on spin state of heme sites 
Initial Mössbauer results for WT BthA treated with H2O2 suggested the 
large isomer shift of the quadruple doublet for heme 6c could be due to a 
protonated Tyr-OH at the 6c heme site, suggesting an importance of pH on the 
formation of the bis-Fe(IV) intermediate. To first address the impact of pH on the 
spin state of the 5c and 6c heme sites in the diferric state of BthA, I utilized EPR 
spectroscopy. Spin-conversion of c-type heme centers has been reported as a 
function of protein preparation, pH and temperature for yeast cytochrome c 
peroxidase (Yonetani and Anni 1987). For diheme systems, spin conversion can 
occur at both heme centers (Foote, Peterson et al. 1985), making the analysis of 
the ratio of high-spin (HS) to low-spin (LS) difficult to track. Nominally, the 6c 
heme site is LS and the 5c heme site is HS. 
I collected EPR of diferric BthA prepared in a range of pH buffers, from pH 
5.5 to pH 10.2, to explore the the spin state change of the heme when the 
environment is altered under both an acidic and basic environment (Figure 3.1, 
Table A2). The spectra show conversion of LS, rhombic heme {g= 2.55, 2.20, 
1.87} to HS, axial {g= 5.9, 1.99} as pH is lowered. At pH 5.5, the EPR spectrum is 
nearly entirely HS as indicated by the decrease in LS signals and increase in the 
high field g=5.9 signal. The qualitative analysis of the data for pH 5.5 suggest the 
spectrum is 80% HS and 20% LS. However, a close look at the spectra, and 
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simulations of the data indicate there are two HS Fe(III) species (HS1 and HS2), 
and one LS species (LS1). From pH 5.5 to 8.5, the ratio of HS to LS changes. 
Simulations show the HS1 converts to the LS1 species, while the relative amount 
of HS2 is roughly consistent from pH 5.5 to 8.5 (~40% of total Fe) (Table 3.2). 
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Figure 3.1 pH dependence of spin state for diferric BthA. BthA samples were prepared 
in specified pH buffer. Spectral parameters: 14 K, 9.38 GHz, 0.4 mW power, receiver 
gain 40 dB, modulation amplitude 10, conversion time 163 ms, sweep time 667 sec, 
4096 points. Figure generated by A. Weitz using Spin Count.
It would appear that at higher pH, the HS2 converts to the more rhombic high spin species HS3, 
and LS1 converts to LS2.  Possibly, the histidines of both hemes are being deprotonated to change 





While further analysis of the data by our collaborators in the Hendrich lab 
finds presence of more than one HS and LS species present when simulated 
(Table 3.2), especially at the higher pH spectrum for pH 10.2, it can be noted 
there is a significant shift in the ratio of spin state when pH is decreased below 
7.8. The change in ratio of LS to HS is also observed when comparing the pH 5.5 
spectrum to the spectrum collected at pH 7.8. Though there is only an 11% 
contribution of HS1 to the spectrum for pH 7.8 when simulated (Table 3.2). For 
the conditions at pH 10.2, it is possible the protein has undergone denaturation. 
Conversion of the LS, 6c heme site to HS indicates a protonation event at the 
Tyr-His ligated heme. It is likely when pH is lowered below 7.8, Tyr463 becomes 
protonated from Tyr-O- to Tyr-OH, while maintaining a weak coordination to the 
Fe(III). Additionally, protonation of the proximal histidines at both heme sites 
could also be reflected by changes in the spin state.
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Table 3.2: EPR Simulation of pH titration of BthA (Figure 3.1)
Spin State HS1 HS2 HS3 LS1 LS2




pH 5.5 43% 40%% - 17% -
pH 6.5 21% 38% - 41% -
pH 7.8 11% 37% - 52% -
pH 8.5 13% 36% - 51% -
pH 9.5 6% 33% 5% 46% 10%
pH 10.2 - 9% 27% 15% 50%
3.3.2 Role of pH on reduction potential 
As the EPR results confirm a spin state conversion as a function of pH, I 
suspected the reduction potential of the sites was also impacted. It is unclear 
what factors govern the change in spin state for the 5c and 6c heme site of BthA, 
but if protonation events are occurring it is likely the potential is also being 
modulated. By use of PFV, I was able to generate a film of BthA on MWCNT-
coated PGE (Figure 3.2). The OTTLE titration results presented in Chapter 2 
identify potentials for the 6c and 5c heme site at -103 and -228 mV vs. SHE, 
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Potential (mV v SHE)
Figure 3.2 PFV of BthA at varying pH. Raw (A) and baseline subtracted (B) 
voltammograms of BthA at varying pH. Scan collected at 4.0˚C, 100 mV/s.
B.
respectively, when performed at a neutral pH of 7.0. The cyclic voltammogram 
(CV) collected for BthA shows an envelope signal for heme sites, which I 
expected given how close in reduction potential both here sites are.
The feature in both the oxidative and reductive wave shifts more positive 
in potential at acidic pH (i.e. pH 5) and more negative in potential at basic pH (i.e. 
pH 9). For each CV, baseline subtraction of the data shows how the peak 
position changes as the pH of the buffer is altered. Signal intensity remains the 
same in both waves for pH 5, 6, 7 and 8 but as the pH is increased to pH 9 and 
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5 -85 0.57 16 0.69 -67 0.55 16 0.61 -76 -83
7 -132 0.74 -50 0.76 -197 0.69 -192 0.65 -165 -121
10 -250 0.64 -152 0.66 -195 0.67 -283 0.68 -222 -217
B.
A.
Figure 3.3 Deconvoluted spectra of BthA on PGE. A) Voltammogram of BthA on 
MWCNT-PGE at pH 5, 7 and 10. Raw voltammogram is shown (black) with the baseline 
subtracted (solid line, colored) with fit for the overall signal (dotted and dashed line). B) 
Midpoint potential determined from the data fitting and n values (# of electrons passed) 
are shown for each data set.
10, there is a loss in the overall current in both the oxidative and reductive signal. 
This observation may be the result of film loss at higher pH, as the predicted pI of 
BthA is ~pH 9.4. As pH is changed, potential is shifted for the entire signal 
implying a shift in Em for both heme sites. As reported for MauG, the 
electrochemical properties of the hemes sites are a key factor in the ability of 
MauG to generate the bis-Fe(IV) species (Li, Feng et al. 2006), therefore the pH 
dependent change on reduction potential of the BthA heme cofactors suggests 
an impact on the ability of bis-Fe(IV) formation. 
Determination of reduction potentials for both signals that contribute to the 
film suggest both features shift as a function of potential (Figure 3.3). The 
baseline subtracted signals, in both the oxidative and reductive waves, were fit to 
two species using QSoas data analysis software. The potential for species 1 
(Emid1) and species 2 (Emid2) are nearly 100 mV more positive for pH 5 compared 
to pH 7. Additionally, the potentials for the species determined at pH 10 are 
shifted more negative. One thing to note is the n value (number of electrons 
passed) determined for pH 5, 7 and 10 for both species does deviate for a 
traditional one electron reduction. This could be a result of the difficulty in 
baselining the spectra and may require further optimization to improve the value 
of n to be closer to 1 for both species fitted within the envelope signal. 
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3.3.3 pH dependence of bis-Fe(IV) formation of WT 
Formation of the bis-Fe(IV) species was verified for WT BthA by use of 
Mössbauer and NIR spectroscopy at pH 7.8. The formation of the bis-Fe(IV), 
monitored by NIR, was further explored as a function of pH and revealed that 
under basic conditions, the bis-Fe(IV) species is not formed (Figure 3.4). 
Additionally, the absorption maximum for the 960 nm peak and the decrease in 
Soret intensity when reacted with H2O2 results in a larger change at acidic 
conditions. The effect of pH is also seen when following the auto-reduction of the 
bis-Fe(IV) species to diferric. In Chapter 2 I discussed the timescale of the auto-
reduction to the diferric state seen for peroxide treated BthA at pH 7.8. Both the 
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Figure 3.4 Role of pH on bis-Fe(IV) formation evidenced by NIR. BthA samples 
prepared in multicomponent and adjustment to various pH values. H2O2 was added to 
direrric sample before scan was collected. Inset shows 960 nm feature generated for 
each pH. Temperature 21˚C.











































403 nm and 960 nm feature show a significant lag before achieving a decay to 
the diferric state. Following the 403 nm feature, which monitors the Soret rise 
back to the diferric position, the absorbance remains constant for around 15 
minutes before finally increasing back to the starting absorbance. When this 
reduction is monitored at various pH values (Figure 3.5), it is clear that 
qualitatively, the time scale of the reduction differs for acidic versus basic 
conditions. At pH 7, the Soret rise occurs at a similar time scale compared to the 
previous pH 7.8 data, where the lag is nearly 15 minutes, but the pH 9.0 scan 
(Figure 3.4, teal) shows a very fast rise back to diferric. Alternatively at pH 5.0, 
there is no lag phase seen, but a very slow increase in absorbance indicating the 
bis-Fe(IV) reduction is being stabilized by presence of a protonation event. 
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Figure 3.5 Auto-reduction of bis-Fe(IV) to diferric following Soret rise. BthA was 
reacted with one equivalent H2O2 in multicomponent buffer with pH 5, 7 or 9. After 
inverting the cuvette, the single wavelength scan was collected following the 403 nm 
feature. Data was collected for 120 minutes.
3.3.4 Variants of Tyr463 have unique optical properties 
Generation of Tyr463 variants helped to address the importance of the 
Tyr-His ligation environment of the 6c heme with respect to H2O2 reduction and 
bis-Fe(IV) formation. Mutations of Tyr463 to Met and His were constructed to 
compare BthA when more bCCP-like versus MauG-like in order to further probe 
how changes in the 6c heme site modulate the properties of the enzyme. 
Mutation of Tyr463 to histidine (Y463H) and methionine (Y463M) altered the 
optical properties of the protein. Additionally, upon addition of dithionite to the as-
isolated protein samples, the reduced spectrum for WT compared to Y463H and 
Y463M was changed (Figure 3.6). While WT and Y463M generated a reduced, 
diferrous spectrum atypical of canonical bCCPs, reduction of Y463H results in a 
spectrum with sharp α/β bands and shift in Soret with an increased extinction 
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Figure 3.6 Absorption spectra of WT, Y463H and Y463M. A) Diferric WT (solid line) 
and dithionite treated (dotted line). B) Y463H as-isolated (solid line) and dithionite 
treated (dotted line). C) Y463M as-isolated (solid line) and dithionite treated (dotted 
line). Each sample was 5 µM in concentration and treated with 1 mM dithionite under 
anaerobic conditions in pH 7.8 buffer. 
A. B. C.
reminiscent of canonical bCCPs and MauG. For both variants, there is also a 
significant absorption feature at 640 nm representative of a high spin heme 
signal often seen for bCCPs (Pulcu, Frato et al. 2012). This feature is not as 
prominent in Y463H or WT, implying the enzyme may have a different ratio of 
HS:LS heme sites. Introduction of the variant to the 6c heme site could have 
affected the ligation to the Fe(III) site. 
Despite differences in the absorption properties of the LS variants, 
peroxidase activity remains unchanged. In the ABTS-linked assays, both Y463H 
and Y463M are capable of catalytically reducing H2O2 to water, with Km and kcat 
highly similar to WT (Figure 3.7). The overall kinetics imply that the 6c heme site 
may not be essential in communicating to the 5c heme site for H2O2 reduction. If 
similar to Ne, it could be hypothesized that BthA generates a compound-I like 
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Parameters:     Standard deviations:
a[1] = 0.012631   ∆a[1] = 0.00037003
a[2] = 3.1916     ∆a[2] = 0.3555
KM = 3.2 µM ± 0.3
Vmax = 0.012 Abs/s
Figure 3.7 Steady-state kinetic assay of Y463M. Michaelis-Menten plot for Y463M (30 
nM). ABTS oxidation was monitored following 420 nm absorption. Donor concentration 
was saturating with respect to enzyme (3 mM). Assay collected in 50 mM NaH2PO4, pH 
6.5.
intermediate upon binding of H2O2 which is quickly reduced by the electron donor 
present, requiring no direct electron transfer from heme 6c to 5c. 
3.3.5 Reduction Potential of Y463M and Y463H
I performed a spectroelectrochemical titration to determine the midpoint 
potential of the heme sites (Figure 3.8, Table 3.3). Starting with the most oxidized 
potential (+100 mV vs. SHE), Y463M was reduced by 30 mV steps to a final 
potential of -260 mV. With the starting potential set to 100 mV, the Fe(IV) site was 
predicted to already reduced given the high potential of this oxidation states, 
resulting in diferric state for the protein. The scan for the most reduced spectrum 
compares to what was observed when Y463M was reduced with dithionite with 
respect to the shift in Soret to 429 nm, though there is presence of a shoulder at 
390 nm. However, when the titration curve was plotted, where 100% reduced 
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Em = -26 ± 1.0


















Figure 3.8 Spectroelectrochemical titration of Y463M. A) Absorption scans of oxidized 
Y463M (black line) and reduced (orange line). Gray lines represents potential points 
along the curve. Titration curve was fit to Nernst equation following 429 nm feature. 
Absorbance was change is represented as percent reduced. 
A. B.
represents the -260 mV scan and 0% reduced represents the initial scans 100 
mV, only one transition is observed. The curve was fit to the Nernst equation for 
an n=1 transition, with Em = -26 mV vs. SHE. The determined reduction potential 
is likely the transition of the mutated 6c heme site from Fe(III) to Fe(II). The 
titration was only performed to monitor the transition for the mutated site, and will 
need to be repeated to check reproducibility. If reduced further, I would expect to 
see a second transition that represents the 5c heme site.
For Y463H, the absorption spectra for the electrochemically reduced 
sample shows a shift in Soret from 403 nm to 415 nm and appearance of α/β 
bands at 550 and 524 nm, respectively. Following the change in Soret from the 
initial absorbance at 403 nm, reduction potentials were determined for both the 
5c and 6c heme site (Figure 3.9). Following the absorption spectrum from 
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Two Step fit (solid line)
Parameters:     Standard deviations:
Em1 =  -78.6435   ∆Em1= 27.8697
Em2 = -174.4297   ∆Em2= 10.6578
n1 =    0.8999   ∆n1 =  0.3012
n2 =    0.8366   ∆n2 =  0.092882
C  =   75.3034   ∆C  = 15.8741
Nernst Equation - One step (dotted line)
Parameters:   Standard deviations:
B = -152.5885   ∆B = 1.3902
n =    0.6352   ∆n = 0.019479











Figure 3.9 Spectroelectrochemical titration of Y463H. a) Absorption scans of Y463H 
from oxidized (black) to reduced (blue). B) titration curve following absorbance of 
Soret (403 nm). Final scan collected at -370 mV was normalized to represent 100% 
reduction. Two-step Nernst equation (solid line) and single-step Nernst (dotted line) is 
shown for the curve. Potentials determined using two-step fit. 
A. B. 
Em1 = -78 mV, n = 0.9
Em2 = -175 mV, n = 0.8
oxidized, diferric (+50 mV vs. SHE) to fully reduced, diferrous (-370 mV vs. SHE), 
Y463H fits best to a two-step nernst equation with Em1 = -78 mV, and Em2 = -175 
mV. For a two-step fit, each transition fits well to two independent n=1 transitions, 
where as when the data was fit to a single step, the number of electrons past 
was less than n=1, which did not account for a two electron reduction. When 
Y463H was incubated with ascorbate, there was no change in absorption 
spectrum. The Y463H mutation did shift the potentials of the both the 6c and 5c 
hemes more positive with respect to WT, which has reported values of -100 mV 
for heme 6c and -220 mV for heme 5c (Chapter 2). A change in the potential of 
the 5c seem of Y463H imply alteration in the electronic communication between 
the two sites.
3.3.6 Mössbauer and Y463M
Optical differences in the absorption spectrum of the 6c heme variants as 
well as a positive shifts in reduction potentials for Y463M and Y463H compared 
to Wt, indicate changes to the 6c heme environment and electronic 
communication when the mutation was introduced. In the case of MauG, when 
Tyr294 was mutated to Lys and His, the reduction potentials of both the 5c and 
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Table 3.3: Reduction Potentials of BthA and variants determined by OTTLE titration
Protein Em1 (mV vs. SHE) n1 Em2 (mV vs. SHE) n2
WT -103 1.6 -228 0.8
Y463M -26 1.1 - -
Y463H -78 0.9 -175 0.8
6c heme sites were shifted more positive, bis-Fe(IV) formation was disrupted, 
and the EPR spectrum showed conversion of the LS, 6c heme signal to HS when 
compared to wild-type (Abu Tarboush, Shin et al. 2012). Reports for the Y294K 
and Y294H mutation of MauG also proposed formation of a compound-I like 
species when treated with H2O2 (Abu Tarboush, Jensen et al. 2010). I decided to 
further investigate the Y463M variant to explore how the spectroscopic properties 
of the mutated site compares to canonical bCCPs with Met-His ligation, and 
ultimately if this mutation changes the catalytic mechanism of H2O2 reduction to 
go through a Cpd-I like intermediate which is suggested for NeCCP (Bradley, 
Chobot et al. 2004).
Unexpectedly, the Mössbauer data collected for as-isolated Y463M 
confirm presence of a stable Fe(IV) species at the 5c heme site for the 
aerobically purified protein (Figure 3.10). For Y463M as-isolated, quantitation of 
the Mössbauer sample verifies 30% of the Fe as Fe(IV)O, corresponding to the 
catalytic heme. As ascorbate is added, the Fe(IV) signal is decreased to 15%, 
following the up arrows in Figure 3.9, and a S = 5/2 Fe(III) species from the 
catalytic heme grows in.  The 6-coordinate site remains high spin and is 
unchanged by ascorbate addition. Unlike Wt, there is no low spin Fe(III) in the 
Y463M sample suggesting introduction of the mutation at the 6c heme site 
converts the heme site from LS in WT to HS in Y463M. Presence of Fe(IV)O for 
as-isolated Y463M was reproducible for three independent preparation of 57Fe-
enriched Y463M. 
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The Mössbauer spectrum of diferric WT is shown for comparison as the 
top spectrum in Figure 3.9. A direct comparison of as-isolated Y463M and diferric 
WT shows the presence of a doublet in the Mössbauer spectrum of Y463M, with 
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Figure 3.10 Mössbauer spectra of Y463M. The vertical guide markers (gray) help in 
reference to the WT spectrum at the top.  Y463M as-isolated has a doublet 
representative of Fe(IV). As sodium ascorbate is added, the doublet disappears (up 
arrows) and the Fe(III) signal (down arrows) grows in generating a spectrum similar to 
WT. For the 50 mM ascorbate treated sample, there is 0.3 mM 5c high spin heme, and 
0.27mM high spin Met/His heme. The ratios of the two species are approximately 
consistent with the 5c to Met/His heme ratios from the as-isolated sample, after taking 




an isomer shift consistent with an Fe(IV) species (Figure 3.10). Additionally, the 
presence of this doublet overlaps nearly identical with the Fe(IV) generated at the 
5c heme site for WT BthA treated with H2O2. As seen for the bottom two traces, 
the Fe(III) state of the catalytic heme spectrum grows in intensity as ascorbate 
reduces this site from Fe(IV) to Fe(III). All the Fe(IV)O present in the as-isolated 
sample was reduced to Fe(III) after addition of 50 mM reductant. As the Fe(IV) 
species is reduced, the ferric, Fe(III) species similar to WT grows in, confirming 
generation of an S=5/2 heme that has identical features to the 5c active site of 
WT.
3.3.7 EPR of Y463M 
For comparison to the Mössbauer data, the EPR of Y463M was also 
collected to probe the oxidation state and coordination environment of the heme 
centers. The EPR spectrum for the same as-isolated 57Fe-enriched Y463M 
samples analyzed by Mössbauer show a spin-state conversion of the 6c heme 
site of Y463M with respect to WT (Figure 3.10). The results indicate that in the 
case of Y463M as-isolated, there are no signals representative of a 6c, LS heme 
species, but instead presence of what appears to be two HS species. 
Simulations confirm presence of two distinct S=5/2 HS heme signals which are 
further distinguished when the sample is treated with ascorbate to reduce the 
Fe(IV) species. The overlay of EPR spectra (Figure 3.11) show both the 
experimental and simulated data. The black traces represent the overall fit of the 
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spectrum, and the red traces represent the component spectra giving these 
fits.  The top red trace is the S=5/2 catalytic heme species that fits the WT 
 92







Figure 3.11 EPR of WT and Y463M. Proteins samples collected in 50 mM HEPES, 
100 mM NaCl, 10% glycerol, pH 7.8. WT data collected for diferric state. Y463M was 
collected for as-isolated and ascorbate reduced. Ascorbate reduction was achieved 
after incubating the sample with 50 eq. reductant. Blue traces represented 
experimentally determined spectrum. Red traces show simulated spectra for Y463M 
with and without ascorbate. For as-isolated Y463M there is approximately 0.46mM 5c 
heme (53% of total) and 0.4mM Met/His heme (47%). 
spectrum. The bottom red trace is the component species of the 
new Y463M S=5/2 heme, that presumably corresponds to the non-catalytic site 
where the mutation was introduced. Similar to WT, there is an axial HS heme 
signal (HS1). 
To fit the experimental spectrum, a second HS heme signal with rhombic 
symmetry (HS2) is introduced. Upon reduction of the protein sample with sodium 
ascorbate, the majority HS signal (HS1) compares well to WT, indicating this 
feature is due to the 5c active site heme, while the minor species (HS2) is likely 
the 6c heme site. The EPR data corresponds well to the Mössbauer data. Since 
the reduction of the Fe(IV) species of as-isolated Y463M is achieved by addition 
of excess ascorbate, I monitored changes in the absorption spectrum of as-
isolated Y463M after addition of sodium ascorbate (Figure 3.12). As ascorbate 
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Figure 3.12 Reduction of Y463M with sodium ascorbate. As-isolated Y463M (black 
line) was treated with 50 eq. sodium ascorbate. Scans recorded every 1.5 minutes for 
1 hr at room temperature in pH 7.8 buffer. Final sample (blue line) represented reduced 
Y463M.
was titrated in to a final concentration of 20 mM, appearance of a HS heme 
feature at 625 nm grows. Additionally, the Soret of as-isolated Y463M becomes 
more narrow and increases in extinction when reduced with SA. The reduced 
spectrum therefore represents the diferric state seen for SA reduced Y463M in 
the Mössbauer and EPR spectra. 
3.3.8 Crystal structure of Y463M 
In collaboration with the Drennan lab at MIT, the structure of Y463M was 
solved to 1.65 Å resolution. The overall fold is the same as WT (Figure 3.13). 
While the structure shows two units of Y463M in the crystal lattice, this result is 
most likely an artifact of the crystallization conditions. Examination of the 
interface where the two subunits meet provides no evidence for interaction of a 
dimeric interface. Consistent with the EPR and Mössbauer results, the 5c heme 
site compares to WT, with no changes to the heme geometry. Alternatively, the 
site of mutation is altered with respect to WT. The WT structure shows 
coordination of the Tyr463 residue to the open site of the heme center, but for 
Y463M the methionine residue is not coordinating, and turned 4 Å away from the 
Fe(III) site. This finding corroborates the spectroscopic data obtained for Y463M 
where the LS heme site observed for Tyr-His ligation is no longer observed. The 
site of mutation is represented as a HS heme with rhombic symmetry. It is 
possible the redox transition observed for Y463M at -26 mV represents the 
reduction of the site where the mutation was made given the structural change in 
the distal pocket.
 94
3.3.9 Anaerobic purification of WT and Y463M
Initial Mössbauer results of aerobically purified Y463M imply a modification 
of the enzyme active site to allow for binding of oxygen which leads to generation 
of a stable Fe(IV)O at the 5c heme. It is unclear when this intermediate is formed 
during the aerobic purification. Presumably the enzyme, when lysed, is in a 
diferrous state capable of binding O2 at the 5c heme site. By use of anaerobic 
purification techniques I addressed changes in the absorption spectrum when the 
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Met463
Figure 3.13 Crystal structure of Y463M. 1.56 Å structure of Y463M was solved by S. 
Cohen (Drennan lab). Overall fold compares to WT. Inset shows the site of mutation at 
the 6c heme. Met463 is shown 4Å from the Fe(III). 
enzyme was purified in the absence of oxygen and then air exposed to 
understand if the oxidation state of the protein before lysis plays a role in 
formation of the Fe(IV)O of aerobically purified Y463M. The purification of Y463M 
anaerobically utilized the same protocol as the aerobically purified samples, 
except addition of oxidant, potassium ferricyanide, to the lysis buffer was 
necessary to allow the enzyme to bind to the SP sepharose resin. Based on the 
absorption spectra of anaerobically purified and air oxidized Y463M, I believe 
addition of ferricyanide maintained a semi-reduced, Fe(III)Fe(II) state where the 
Fe(II) represents the 5c heme site still capable of binding O2.
Absorption spectra of anaerobically purified and air exposed Y463M were 
collected and show generation of the absorption spectrum typical of aerobically 
purified Y463M (Figure 3.14). The changes in the absorption of Y463M from 
anaerobically purified to air exposed suggest the oxidation states of the protein 
under these purification conditions are different from the aerobically purified. 
Upon air exposure, the heme centers of the protein are oxidized, resulting in an 
optical spectrum similar to the Fe(III)Fe(IV)=O oxidation state seen for aerobically 
purified Y463M. The extinction of the Soret at 415 nm for the sample purified in 
the absence of oxygen could suggest presence of an exogenous ligand like CO 
given the strong absorption and sharpness of the Soret. However, a shoulder at 
427 nm is also observed, which could indicate the enzyme is semi-reduced. The 
appearance of a HS feature at 640 nm also grows in as the sample is exposed to 
air. 
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Mössbauer spectroscopy for aerobically purified Wt enzyme does not 
show evidence of an Fe(IV)O species. For comparison, WT BthA was also 
prepared anaerobically (Figure 3.15) to address if differences in the optical 
spectrum of anaerobically purified Y463M are a result of introduction of the 
mutation at the 6c heme site. Like Y463M, WT also have a strong extinction at 
415 nm. I decided to monitored the air oxidation versus time for the absorbance 
feature at 429 nm, 415 nm, and 403 nm. The results indicate the shoulder seen 
at 429 nm is quickly lost, which I believe to be the oxidation of one of the heme 
sites from Fe(II) to Fe(III). The 415 nm shows a time trace that looks biphasic. 
This could be loss of the exogenous ligand bound and oxidation of the heme to 
Fe(III). In the final absorption spectrum after 120 minutes of air exposure, the 403 
nm feature grows in and compares well to the diferric spectrum typically 
observed for aerobically purified WT protein. While it is unclear what ligand is 
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E2 - Buffer 50 mM HEPES, 500 mM NaCl, pH 7.8
NB7p40
Figure 3.14 Anaerobic purification of Y463M. Anaerobically purified Y463M (pink) and 
air exposed (black). Scans collected every 1.5 minutes after air exposing the 
anaerobically purified sample. 
bound, potentially an exogenous ligand such as CO is bound given the similarity 
of the anaerobically purified spectrum to the dithionite reduced BthA sample 
treated with CO (Figure 2.3). Loss of this ligand occurs upon air exposure based 
on the decrease in the anaerobically purified spectral features at 416 nm and 550 
nm. When purified aerobically, the oxidation most likely occurs immediately after 
cells are lysed, preventing capturing of this intermediate species optically.
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Figure 3.15 Anaerobic purification of WT BthA. Top panel) Absorption scans of 
anaerobically purified BthA (black trace) after air exposure (blue trace). Gray scans 
collected every 1.5 minutes after exposing the sample to air. Bottom panel shows 
change in absorbance versus time for wavelengths indicated. 
3.4 Discussion
3.4.1 pH affects the spin state and potential of the hemes
While MauG is the only enzyme reported to generate the bis-Fe(IV) 
species after addition of H2O2, the factors governing the formation, aside from the 
core residues such as Tyr294 which ligates the 6c heme and Trp93 midway 
between the hemes, are not reported. Expanding beyond single point mutations 
of residues analogous to MauG, I decided to explore the impact of pH on the 
formation and stability of the bis-Fe(IV) species of BthA in order to gain a more 
though understanding of the chemistry that occurs at the heme sites. Collection 
of the NIR spectra for H2O2 treated BthA in varying pH buffers showed a 
dependence of pH on the formation of the feature at 960 nm. At high pH (> pH 
8.0) the spectrum of H2O2 treated BthA shows minimal absorption at 960 nm and 
no shift in the Soret from 403 nm to 411 nm. Alternatively, at acidic pH (pH < pH 
6.0), the intensity of the 960 nm feature is at an absorption maximum, and the 
bleach in Soret is most dramatic compared to the diferric sample. Furthermore, 
EPR studies showed a significant role of pH on the spin state of the heme 
centers which likely plays a key role in stabilizing the bis-Fe(IV) species. Studies 
with Mössbauer spectroscopy are necessary to further probe the impact of pH on 
bis-Fe(IV) formation, but initial studies using NIR indicate a role of pH in the 
formation of this intermediate.
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Additional time dependence data following the auto-reduction back to the 
diferric state at pH 9.0 indicates a fast reduction, whereas for pH 7.0, the data 
goes through a lag phase for 15 minutes before the 403 nm feature starts to shift 
back to the diferric position. Yet when BthA is treated with peroxide at pH 5.0, the 
Soret rise is very slow back to the initial intensity of the differic state, but the lag 
phase is no longer present. The full range absorption spectrum collected for the 
H2O2 treated pH 5.5 sample after 120 minutes still showed an absorbance 
feature at 960 nm and decreased intensity of the Soret. The minimal change in 
the H2O2-treated versus diferric spectrum suggests the acidic environment 
stabilizes the Fe(IV)Fe(IV)=O oxidation state of BthA, preventing the reduction 
back to diferric. It is also hypothesized that the bis-Fe(IV) species is reflective of 
an Fe(IV)=O at the 5c heme site, and a Cpd-II like species at the 6c heme, where 
protonation of Tyr463 is important for maintaining a stable species. In the ferric 
state, Tyr-His ligation is presumably Fe(III)-OH, given the pKa of hydroxyl group 
of the tyrosine side chain to be 10.10. Based on the isomer shift reported for the 
6c heme site of the Fe(IV) state, it is likely Tyr463 remains protonated as Fe(IV)-
OH and maintains a weak ligation to the iron site. If Tyr is no longer bound, it 
could be possible a water molecule binds in place of the ligand, resulting in 
modulation in reduction potential.
By use of direct electrochemistry, I also observed a pH dependence on the 
reduction potentials of the heme sites of WT BthA. A well defined electrochemical 
response in both the oxidative and reductive wave of the cyclic voltammogram 
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obtained was observed when BthA was deposited on MWCNT-coated PGE 
electrodes. The overall position of the envelope signal changed with respect to 
the potential at which the signal was centered when pH of the buffer was altered. 
As the pH of the cell solution was changed, a shift in potential of the overall 
signal, which was comprised of both the 5c and 6c heme site, was observed in 
both the oxidative and reductive wave. At more acidic pH values the signal 
became shifted more positive in potential and at more basic conditions the signal 
shifted more negative in potential. Though the results are preliminary, it should be 
noted separation of the envelope signal into two distinct peaks representative of 
the 5c and 6c heme was not seen when pH was surveyed from pH 10 to pH 5. 
This suggests the reduction potential of both heme sites are being affected by 
pH.
The envelope signal was deconvoluted for pH 5, 7 and 10. The two 
species are identified for each pH, and are shifted more positive for pH 5 and 
more negative for pH 10 as compared to pH 7. This supports the hypothesis that 
both heme sites are affected by pH with respect to reduction potential. As seen in 
the EPR, changes in spin state might have affected the reduction potential as pH 
was varied, as well as protonation of nearby residues in the pocket of both the 5c 
and 6c heme. Moving forward, it is important to more throughly analyze the data 
to determine the potential of each feature within the signal and see how the 
signals shift in potential as pH is varied in 0.3 pH unit steps from a low value of 5 
to a higher value of 11. If the change in reduction potential of species one and 
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species 2 is consistent with a 1e-/1H+ couple, it would suggest both heme sites 
are involved in proton coupled electron transfer. Additionally, identifying residues 
potentially involved in protonation of each heme should be addressed. 
Changes in the EPR of diferric BthA and formation of the bis-Fe(IV) state 
as a function of pH imply a key protonation event is occurring which helps to 
stabilize this H2O2 induced intermediate. It is likely protonation affects the Tyr-His 
ligated heme, given the shift from LS to HS seen by EPR. The role of reduction 
potential should also be considered as a important fact as pH is changed. If the 
potential of the heme sites are modulated, the ability of the enzyme to generate 
and stabilize the bis-Fe(IV) species will be impacted given the importance of 
electronic communication between the 6c and 5c heme for generation of this 
species. While it has been reported that Tyr294 is essential for formation of the 
bis-Fe(IV) intermediate of MauG (Abu Tarboush, Jensen et al. 2010, Abu 
Tarboush, Shin et al. 2012), the proton dependence of the electrochemical and 
spectroscopic properties of this site are not explored.
3.4.2 Tyr463 is essential for bis-Fe(IV) formation 
Initial results of Y463M reacted with H2O2 indicated the variant was unable 
to generate the bis-Fe(IV) species when analyzed by NIR. Additionally, optical 
studies of the variant as well as preliminary results for the reduction potential of 
the 6c heme site suggested modulation of the heme environment. Enzymatic 
assays with H2O2 and ABTS as an external electron donor for Y463M and Y463H 
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compare with the turnover number and specificity reported for WT. These results 
indicate the 6c heme site of BthA does not play a role in the ET necessary for 
H2O2 reduction. It is possible direct electron transfer from the 6c heme site to the 
5c heme site is not part of the catalytic mechanism for H2O2 reduction. While 
studies are needed to identify key intermediates involved in the H2O2 reduction of 
BthA, ABTS-linked assay show modification to the 6c heme site does not cause a 
change in the activity of the enzyme. 
 Modulation in the reduction potential of the 6c heme site is likely the 
cause for the inability of both Y463H and Y463M to form the bis-Fe(IV) 
intermediate, as the communication between the heme sites is mediated by 
similarities in reduction potentials of the WT enzyme. For Y463H, both the 6c and 
5c heme site shifted more positive in potential. For Y463H, it is important to 
follow up the electrochemical and optical results with EPR spectroscopy to verify 
if introduction of a His residue at the heme site was capable of ligating to the Fe 
center of the heme. I expected the potential of the 6c heme site to become more 
positive in potential for both Y463H and Y463M given the introduction of a softer 
ligand to the coordination environment which favors an Fe(II) oxidation state 
rather than Fe(III). While a typical Met-His ligated heme is >300 mV vs. SHE 
(Arciero and Hooper 1994), in the case of Y463M the structure shows ligation of 
Met463 to the iron was unsuccessful, which likely affects the potential for the 
Fe(III) to Fe(II) transition. OTTLE titration for Y463M resulted in a single transition 
at -26 mV vs. SHE.
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For Y463M, spectroscopic results obtained indicate the protein samples 
analyzed electrochemically are actually Fe(III)Fe(IV)O. The Mössbauer data for 
aerobically purified Y463M confirms presence of an Fe(IV)O at the 5c heme site 
of Y463M, however, it could be assumed the reduction of such a high potential 
intermediate was achieved by the first potential applied to the OTTLE cell. The 
transition therefore observed for Y463M is likely an Fe(III) to Fe(II) transition. The 
Fe(III) to Fe(II) transition of Y463M is determined to be -26 mV, which supports 
reduction of this site should be achieved with sodium ascorbate which has a 
potential of -60 mV. The Mössbauer spectra for Y463M treated with ascorbate, 
which shows loss of the Fe(IV)O signal, does not show evidence of Fe(II), but 
this could be from insufficient incubation times of the reductant with the protein, 
ratio of reductant to enzyme or reducing power of the sodium ascorbate used. 
Further studies to couple the absorption spectra of ascorbate treated Y463M and 
spectroscopic data is needed to verify the Fe(III) to Fe(II) transition of Met463-His 
heme site, and if the oxidation state of the mutated site affects the ability of the 
enzyme to generate a ferryl species when purified aerobically.
3.4.3 Potential O2 reactivity of WT and Y463M
The Y463M and Y463H mutations were shown to impair the ability of the 
variants to generate the bis-Fe(IV) state when treated with H2O2, evidenced by 
NIR. While peroxide reactivity was altered, additional changes to the protein 
reactivity was further observed for Y463M spectroscopically. The Mössbauer and 
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EPR studies of Y463M confirm introduction of the mutation to the 6c heme site 
altered chemistry of the protein to generate a stable Fe(IV)=O state at the 5c 
heme when purified aerobically. The source of this species is likely from reaction 
of the protein with O2. The reaction of O2 at the 5c heme site is reminiscent of 
cytochrome P450 (Ilia G. Denisov 2005). Upon lysis under aerobic conditions,  I 
suspect the enzyme is initially in a fully reduced, diferrous state which reacts fast 
with oxygen present in the buffers. With an Fe(II) oxidation at the 5c heme site, 
O2 binds to generate an Fe(III)-OO• species that is quickly reduced to Fe(III)-OO- 
by transfer of an electron from the Met-His heme which becomes oxidized from 
Fe(II) to Fe(III). The conversion of the 5c heme to Fe(IV)=O with a nearby radical 
cation is the next step, similar to cytochrome P450. The cation radical is likely 
quickly reduced by either a nearby amino acid residue or reductant present in 
solution. The reducing equivalents from the protein are exhausted by the time the 
Fe(IV)=O species if formed. Without another electron available, the Fe(IV)=O at 
heme 5c is unable to reduce back to Fe(III) (Figure 3.16). The increase in 
reduction potential of the 6c heme for the Y463M is also a key factor in the 
proposed O2 reactivity occurring at the 5c heme site when the enzyme is purified 
aerobically. For WT, the 6c, Tyr-His ligated heme is -100 mV vs. SHE, relatively 
low compared to the Met-His ligated heme sites of bCCPs. The shift in potential 
of the Me463-His heme to -26 mV vs. SHE likely tunes the heme for a role in 
electron transfer to the 5c heme to reduce the Fe(III)-OO• species formed after 
binding of O2. 
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Potential O2 reactivity suggests a role of BthA beyond hydrogen peroxide 
detoxification. Preliminary results for the anaerobic purification of WT and Y463M 
further support potential O2 binding at the site of the 5c heme when the enzyme 
is in a diferrous state. Both proteins show strong features at 415 nm when 
purified anaerobically, which is quickly lost within minutes upon air oxidation of 
the sample back to the diferric state. For Y463M air oxidation results in a 
spectrum which resembles the stable ferryl species of the aerobically purified 
protein. It is important to address the oxidation state of the aerobic versus 
anaerobic preparation of the purified WT and Y463M enzymes to understand if 
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Figure 3.16 Proposed O2 reactivity of Y463M. (A) reflects protein in the fully reduced 
oxidation state. Upon exposure to oxygen, O2 binds at the 5c heme site (B) and is 
quickly reduced the a hydroperoxo-ferric intermediate by input of an electron by the 
Met463-His heme. Heterolysis of the O-O bond (C) leads to formation of (D) which is 
reminiscent of Cpd-I. this intermediate is unstable and likely reduced to form the stable 
Fe(IV)=O detected by Mössbauer for aerobically purified Y463M. This species (E) is 












































presence of a ferrous 5c heme is capable of binding O2. This would be a finding 
that supports a role of BthA beyond H2O2 detoxification and potential oxidation 
chemistry similar to P450 enzymes. While WT BthA does not form a stable ferryl 
species at the 5c heme site when purified aerobically, the anaerobically prepared 
sample suggests binding of an exogenous ligand, and when exposed to air 
oxidizes back to the diferric state based on the absorption spectrum. It is 
necessary to determine the structure of the ligand bound for the anaerobically 
purified samples. This also requires a more in-depth understanding as to why the 
WT enzyme does not purify with the same Fe(IV)=O species at the 5c heme. 
3.5 Conclusions
Chapter 3 takes a more detailed approach to understanding the bis-Fe(IV) 
formation of BthA by use of site-directed mutagenesis and protonation 
experiments. Experiments which monitored bis-Fe(IV) formation as a function of 
pH currently show an influence on the time of formation and auto-reduction of the 
bis-Fe(IV) species back to the diferric state. Changes in the stability of the bis-
Fe(IV) species may also be due to a change in reduction potential of the heme 
sites when pH is varied. Site-directed mutagenesis was also utilized to address 
the role of Tyr463 in the dual functionality of BthA. The 6c heme ligand variants, 
Y463M and Y463H, impaired the ability of the enzyme to generate the bis-Fe(IV) 
species. While the Tyr463 variants prevented formation of the bis-Fe(IV) species, 
peroxidase activity in the ABTS-linked assay was unchanged. Both Km and kcat of 
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Y463H and Y463M are the same as WT. Importantly, this results suggests the 
mechanism of H2O2 reduction for BthA does not require direct electron transfer 
from the 6c heme site. Studies are necessary to explore if the mutations undergo 
a similar mechanism to canonical bCCPs, where direct electron transfer from the 
6c heme to the 5c heme is important for cycling the enzyme during catalysis, or if 
the chemistry occurs exclusively at the 5c heme site where a Cpd-I species is 
instead formed during the catalytic cycle and quickly reduced due to presence of 
excess electron donor. 
Not only did the Y463M help gain insight into the mechanism of bis-Fe(IV) 
formation and H2O2 reduction, the spectroscopic studies indicated introduction of 
the mutation to the 6c heme site allowed for the enzyme to react with O2. Studies 
to prove the Fe(IV)=O species at the 5c heme site is due to reaction with O2 
when the enzyme is in a diferrous state are needed to understand how mutation 
of Y463M evolved the enzyme toward oxygenase-like chemistry. Additionally, 
investigation into why the WT enzyme does not form this same stable species 
when purified aerobically is important to understand how the Y463M variant 
tuned the electrochemical properties of both the 6c and 5c heme site. 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Chapters 2 and 3 discuss my discovery and biophysical characterization 
of BthA, a diheme peroxidase family member present in Cluster IIIB of my SSN 
of proteins with Pfam identifier, CCP_MauG, representative of the core domain of 
bacterial peroxidases. From a chemical perspective, I investigated how BthA 
reacts with H2O2, and why differences in the structure and electrochemical 
properties of the enzyme has allowed for BthA to carry out chemistry reminiscent 
of both bCCPs and MauG. While Burkholderia lacks a mau operon, the genomic 
context of the Class A diheme enzyme is always conserved downstream a gene 
that encodes a putative purple acid phosphatase (PAP) which is referred to as 
PhosA. Unfortunately, a well defined operon is not seen beyond this gene pair, 
but it appears the two genes are highly conserved on Chromosome II of 
Burkholderia species. Additionally, a close look at the SSN created, where 
Cluster IIIB includes the Burkholderia orthologs, other Class A diheme enzymes 
from gram-negative soil bacteria are also located in close proximity to a 
phosphatase gene (Figure 4.1). The organization of the putative phosA and bthA 
genes are also conserved in Ralstonia solanacerarum, Variovorax paradoxus 
and Cupriavidus basilensis, ß-proteobacteia part of Burkholderiales bacteria.
The Class A diheme proteins from Cluster IIIB share greater than 60% 
sequence identity and the primary sequence includes the presence of two 
CXXCH motifs. Interestingly, the C-terminal Cys residues involved in disulfide 
formation of BthA are also conserved among the sequences in this cluster, as 
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well as the Tyr residue involved in ligation of the 6c heme site. With respect to 
the Ser residue midway between the heme sites of BthA, the Class A peroxidase 
homologs present in V. variovorax and R. solanacerarum have instead an Ala in 
the position. Like BthA, these orthologs lack the conserved Trp, implying a 
different ET pathway found in bCCPs, MauG and BthA. In the case of the 
putative phosphatase from R. solanacearum, C. basilensis, and V. paradoxus, 





Burkholderia thailandensis E264 (ß-proteobacteria)










Figure 4.1 Organization of bthA and phosA with putative gene clusters in other gram-
negative soil bacteria. Genes in purple represent putative serine/threonine protein 
phosphatases with high sequence ID to PhosA (purple). Conserved downstream is a 
putative di-heme peroxidase (yellow) with high sequence ID to BthA. Bacteria 
represent ß-proteobacteria and are isolated from soil.










presence of the 5 key binding motifs. The conserved binding motifs are identified 
in the protein sequence as GDxG-xn-GDx2Y-xn-GNHE/D-xn-Vx2H-xn-GHXH, 
where x represents any amino acid and residues shown in bold play a role in 
directly coordinating to the metal site (Schenk, Mitic et al. 2013). I suspect these 
BthA and PhosA are related with respect to function because of the conservation 
of this gene pair across several types of ß-proteobacteria. While experiments are 
underway to identify a role for the bthA and phosA genes of by use of in vivo 
studies with the native organism, I used a biochemical and biophysical approach 
to characterize the putative phosphatase partner, PhosA, from B. thailandensis. 
This chapter includes my results on the characterization of PhosA and introduces 
a new bacterial protein to the PAP superfamily.
4.1.1 Diversity amongst PAP superfamily 
PAPs are metal containing proteins largely found in plant, fungal and 
mammalian systems (Antonyuk, Olczak et al. 2014). While several types of PAPs 
have been isolated and characterized by biophysical techniques, to date the 
functional role of these enzymes is not yet known. In plants, PAPs are shown to 
play a key role in phosphate acquisition by catalyzing the hydrolysis of phosphate 
containing substrates to yield free phosphate as a product (Schenk, Mitic et al. 
2013). Traditionally, the activity of these enzymes is optimal at low, acidic pH 5, 
which gives rise to their name as acid phosphatases. PAPs are often referred to 
as tartate-resistant acid phosphatases, as studies have shown these enzymes 
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are inhibited by tartate. While the metabolic significance of plant and fungal PAPs 
remains elusive, mammalian PAPs have been reported to show a role in 
important metabolic functions such as iron transport, bone resorption, antigen 
presentation and redox reactions (Garrett, Boyce et al. 1990, Halleen, Raisanen 
et al. 1999).
Key differences with respect to the molecular weight and metal active site 
differentiate the plant versus mammalian PAPs. Within the plant PAP family, the 
proteins are separated into two classes based on molecular weight, either 
monomeric low molecular weight (35 kDa) or dimeric, high molecular weight (55 
kDa). In the dimeric form, the two subunits are covalently bound by a disulfide 
bridge between cysteine residues conserved on the C-terminal end of the 
protein, resulting in an overall heart shaped structure (Figure 4.2). The size cut-
off suggests smaller plant PAPs are more closely related to the bacterial and 
mammalian homologs, where as large plant PAPs are similar to mycobacterial 
and fungi homologs (Antonyuk, Olczak et al. 2014). Mammalian PAPs are 
typically 35 kDa in size and among those isolated from human, pig, bovine, 
mouse and rat, the protein sequence of these proteins are more than 80% 
identical based on the primary sequence (Schenk, Korsinczky et al. 2000). In 
plants, there are several copies of PAPs present, yet for mammalian systems, 
there is often only one copy of both the low molecular weight and higher 
molecular weight form.
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Interestingly, the dinuclear metal active site of PAPs varies from the plant 









Figure 4.2 Crystal structure of rkbPAP from Phaseolus vulgaris. 2.9Å crystal structure 
of rkbPAP (PDB: 2QFR). Overall fold of the dimeric form of the protein is shown. Each 
subunit binds a dimetal FeZn center. The subunits are covalently bound by a disulfide 
formed from Cys345 in each monomer. Inset shows the dimetal active site. Fe3+ 
(orange sphere) and Zn2+ (blue sphere) are shown with residues involved in ligating 
the metal center. Asp164 bridges the two metal sites together. Tyr167 is the 
coordinating residue to the ferric iron that results in the characteristic purple color.
Cys345
type of metal center bound (Schenk, Mitic et al. 2013). The characteristic purple 
color is specific to the Fe(III)-Tyr charge transfer, indicating the first metal site is 
always occupied by Fe(III) in the chromophoric site. The second metal site, which 
is referred to as the divalent metal site, has been identified as either Mn, Zn or 
Fe. When the divalent site is occupied by Fe, the center is capable of redox 
cycling from Fe(III) (which is referred to as the purple form) to Fe(II) (which refers 
to the pink form). In the case of Uterferrin PAP (Uf), electrochemistry has been 
employed to understand the redox properties of the Fe-Fe center (Bernhardt, 
Schenk et al. 2004), indicating the redox active metal has a potential at +344 mV 
vs. SHE and is pH dependent. The variation in this metal is often dependent on 
the source of which the protein is extracted from. The most spectroscopically 
studied high-molecular weight plant PAP is the red kidney bean PAP (rkbPAP) 
from Phaseolus vulgaris which has been modified extensively with respect to the 
metal ions bound to the active site. By use of spectroscopic and crystallographic 
techniques, researchers have explored the unique properties of the binuclear Fe-
Zn metal center present in rkbPAP (Strater, Klabunde et al. 1995).
Alternatively, mammalian PAPs are known to bind a Fe-Fe metal center 
(Schenk, Korsinczky et al. 2000). When in an oxidized, Fe(III)Fe(III) state, the 
enzyme is less active and requires generation of the reduced form, Fe(III)Fe(II), 
to achieve maximum phosphatase activity. Activity of the enzyme in the oxidized 
state drops to only ~10% of the activity compared to when the enzyme is in the 
reduced form (Schenk, Ge et al. 1999).
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The redox active reduced form has been shown to play a role in 
peroxidation reactions, where an increase of reactive oxygen species are 
generated upon reaction at the Fe(II) metal site (Schenk, Mitic et al. 2013). While 
reports on the characterization of the biophysical properties and function of the 
bacterial PAPs is limited, identification of PAPs in microorganisms has become 
more prevalent in recent years as model systems for understanding the 
eukaryotic enzymes, specifically with respect to the increase in ROS when PAPs 
are present (Sibille, Doi et al. 1987). Reports on the in vitro characterization of 
PAPs from Aspergillus niger and Burkholderia cenocepaccia suggest high 
similarity of these enzymes to high molecular weight plant PAPs, yet there is no 
direct evidence for their role in metabolism (Mullaney and Ullah 1998, Yeung, 
Cheng et al. 2009).
4.1.2 A putative purple acid phosphatase binding partner upstream BthA
Analysis of the PhosA protein sequence shows presence of the 5 
conserved metal binding sites, and places the protein in the higher molecular 
weight family of PAPs based on the theoretical mass of 55 kDa. Signal prediction 
software suggests PhosA is exported to the extracellular compartment, but to 
probe if PhosA is related to BthA, a periplasmic heme protein, I designed a 
heterologous system of PhosA with a cleavable N-terminal periplasmic leader 
sequence for expression and purification. PhosA purifies with a characteristic 
purple color, reminiscent of purple acid phosphatases (PAPs). Utilizing traditional 
biochemical techniques and EPR spectroscopy, I’ve obtained the initial 
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characterization of PhosA to identify where this protein falls within the PAP 
superfamily. Results confirm presence of an Fe(III)Zn(II) metal center which is 
redox inactive and most similar with respect to the electronic properties of the 
native Fe-Zn form of rkbPAP. A high-throughput screen was also explored to 
screen a wide range of phosphorous containing substrates. Results find PhosA is 
most reactive toward the nucleotide di- and tri-phosphates. While the 
physiological role is still unknown, as well as a direct functional link between BthA 
and PhosA, the results herein provide evidence for another member of the PAP 
superfamily present in microorganisms with similarity to the higher-molecular 
weight plant PAP homologs.
4.2 Materials and Methods 
4.2.1 Molecular Biology 
PhosA gene (BTH_II1093) was codon optimized for expression in E.coli 
(GeneWiz) in pUC57 standard cloning vector. Using primers pKR5-f and pKR5-r 
(Table 4.1), PCR product of PhosA was generated with EcoRI and XhoI 
restriction enzyme cut sites. PhosA sequence was truncated to position Ser27 
(Based on NCBI) to avoid complications with export to the periplasm. PCR 
product was gel extracted and purified (Qiagen Gel Extraction kit) and used for 
traditional sub-cloning into previously mentioned pETSN vector. Cloning was 
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performed routinely using restriction enzymes XhoI and EcoRI, purchased from 
New England Biolabs (NEB), plasmid mini-prep kits (Qiagen) and T4 DNA ligase 
(NEB). Resultant vector (pKR5) was further modified to remove the N-terminal 
Strep-Tag resulting in pKR6. 
Lastly, pKR6 was modified to incorporate kanamycin (KanR) resistance in 
place of ampicillin (AmpR) to perform co-transformation experiments with BthA. 
KanR gene was removed from pUC57 vector using PCR, with over hangs 
complementary to pETSN vector (pKR7-f, pKR7-r primers). PCR reactions were 
carried out using Invitrogen Platinum Supermix. PCR product was gel extracted 
and purified before using as the primer to insert KanR gene in place of AmpR in 
pETSN. Antibiotic exchange was performed using Agilent Quik Change lightning 
II kit. DNA template was pKR6 vector. Modified vector (pKR7) was transformed in 
Table 4.1: Sequences of oligonucleotides used for construction of recombinant 
PhosA
















Nova Blue competent cells. Colonies were screened on Amp only, AmpKan, and 
Kan plates to verify resistance. For purification purposes, vector pKR8 was 
generated. pKR8 removes C-terminal 6x-His tag, and inserts N-terminal HRV-3C 
protease site and 6x-His tag. This construct was necessary to cleave off the 6x-
His-tag when necessary.
4.2.2 Expression and Purification 
PhosA was transformed into BL21(DE3) competent cells and grown 
overnight at 37˚C on 2xYT agar plates. E.coli strains were cultured in 5 mL of 
2xYT (Fisher) liquid media and grown at 37˚C with 220 rpm shaking until 
stationary phase was achieved. 5 mL overnight cultures were used to inoculate 4 
x 1 L of 2xYT for bulk expression. Cells were grown at 37˚C with 220 rpm 
shaking until OD600 nm ~0.6 was reached. Cells were cooled for 1 hr at 4˚C before 
induction with 100 µM IPTG. Cells continued to grow for 16 hr at 23˚C with 150 
rpm. Cells were harvested at 6000 x g and stored at -20˚C until needed. 
DNAse was added to cell pellets harvested from 1-L of culture before 
resuspension in 50 mM HEPES, 300 mM NaCl, 15 mM imidazole and 5% 
glycerol, pH 7.8. Before sonication, 1 mM PMSF (final concentration) was added 
to suspension. Lysate was kept on ice and sonicated for 10 s, 10 rounds total. 
Clarified lysate was obtained after centrifugation at 18000 x g and loaded onto 15 
mL of Fast Flow Ni-Sepharose (GE) resin equilibrated in lysis buffer. Bound 
protein was washed with 150 mL of lysis buffer. Absorption at 280 nm was 
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monitored during the wash to ensure a value <0.1. Protein was eluted from the 
column in 50 mM HEPES, 300 mM NaCl, 300 mM imidazole, pH 7.8 buffer. 
Eluted protein was exchanged into final storage buffer (50 mM HEPES, 100 mM 
NaCl, 10% glycerol, pH 7.8) using Amicon 30 kDA MWCO centrifugal filters. 
When necessary, 6x-his tag was removed using HRV-3C protease 
(ThermoFisher). PhosA-6xHis was incubated overnight with HRV-3C at 4˚C. After 
overnight incubation, cleavage mixture was loaded onto 15 mL of Fast Flow Ni-
sepharose resin (GE) equilibrated in storage buffer to remove HRV-3C and 
cleaved tag. Flow through was collected and concentrated before exchanging 
into final storage buffer. Protein concentration was determined by Bradford assay. 
Iron content was also determine following colorimetric ferrozine assay (Carter 
1971).
4.2.3 Metal determination by Inductively coupled plasma emission spectrometry
The metal content of purified PhosA was determined on a Jobin-Yvon 
Ultima-C ICP-ES spectrometer. Mn, Zn, and Fe standard solutions (RICCA 
chemical) were diluted to 25 ppm in 1% nitric acid. Standard solutions were 
further diluted to range from 0.1 to 10 ppm concentration in 1% nitric acid. 
Sample preparation required acidification of PhosA (5 µM) in 1% nitric acid for 10 
minutes to release metal ions from protein. Samples were then centrifuged at 
10,000 x g for 5 minutes to remove precipitated protein using bench top micro-
centrifuge (Eppendorf). Calibration curves of known concentration versus counts 
from ICP-ES were plotted for each metal standard. From these curves, equation 
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of the line was determined to calculate the concentrations of each metal in the 
sample. Each point was background subtracted and measured in triplicate.
4.2.4 Steady state kinetic assay with P-NPP 
Para-nitrophenylphosphate (p-NPP) was purchased from NEB. To address 
optimal pH and PhosA conditions, screens activity of PhosA with 1 mM p-NPP 
following procedure reported (Campbell, Dionysius et al. 1978). Prepared PhosA 
in 100 mM MES, pH 6.0 with 0.5 M sodium ascorbate, 0.2 mM NH4Fe(II)SO4. 
Checked activity at pH 5.0 (100 mM sodium acetate), pH 6.0 (100 mM MES) or 
pH 7.0 (100 mM HEPES). Initiated reaction with addition of PhosA. For stead-
state assay, carried out reaction in 100 mM HEPES, pH 7.8. p-NPP 
concentrations ranged from 0.1 to 10 mM. Protein concentration was 500 nM. 
Reaction was enzyme initiated. Change in absorbance for hydrolysis of p-NPP 
was monitored at 405 nm. Each substrate concentration was performed in 
triplicate. 
4.2.5 High-throughput phosphorus containing substrate screen
I utilized a HTS phosphate screen to identify potential substrates for 
PhosA (Huang, Pandya et al. 2015). The screen consisted of 167 commercially 
sourced or synthesized phosphorylated compounds representative of 16 different 
classes which included sugars (mono- and bis-phosphates), nucleotides (mono, 
di-, and tri-phosphates), disaccharides, phosphonates, amino acids, and amino 
sugars. Substrate plates were obtained from Allen lab (BU). To sterile 96 well 
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plates, added substrate to final concentration of 1 mM and to volume (125 µL) 
with either 100 mM HEPES, pH 7.0 or 25 mM HEPES, 50 mM NaCl, pH 7.0. 
Enzyme was added to a final concentration of 2 µM. Substrate and enzyme 
incubated at 28˚C for 30 minutes. Added free-phosphate detection agent BioMol 
Green (Enzo Life Sciences) to reaction and incubated for an additional 30 
minutes. Recorded the absorbance at 650 nm on Molecular Devices microplate 
reader. Background reactivity of substrates with indicated buffer was determined 
after 30 minutes of incubation. Reaction was terminated with addition of BioMol 
Green. Absorbance at 650 nm, representative of BioMol Green bound to free-
phosphate from substrate instability, was determined as background reactivity 
and subtracted from results after incubation with enzyme. For absorbance 
readings >0.2, the substrate hit was considered significant. 
4.2.6 EPR spectroscopy 
X-band (9.44 GHz) EPR experiments were recorded on a Bruker 
ELEXSYS-II E500 CW-EPR equipped with Oxford Instruments ESR-10 
continuous flow liquid helium cryostat to achieve low temperature of 14.3 K. 
PhosA was prepared in sample buffer [50 mM HEPES, 100 mM NaCl (pH 7.5) 
5% glycerol]. PhosA (418 µM) was transferred to a 4 mm quartz EPR tube. The 
sample was frozen in liquid nitrogen and stored until collection. Cu-EDTA 
standard was used for calibration and spin quantitation. Relaxation behavior of 
PhosA was analyzed by recording the spectrum at varying microwave powers.
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4.3 Results 
4.3.1 Purification of PhosA 
While not much is known about PhosA, purification of the recombinant 
protein resulted high yielding purple protein. The purple color in PAPs is the 
result of a charge transfer between a ferric, Fe(III), ion and ligating tyrosine. A 
close look at the primary sequence alignment of PhosA and rkbPAP highlight the 
conservation of five key binding motifs and seven conserved residues that 
coordinate to the dimetal center (Figure 4.3). Each binding motif is shown boxed 
in red, and the residue within the motif that is involved in ligation of the dimetal 
center is represented with a red star above the position. In binding motif II, the 
tyrosine conserved (Tyr200) is predited to ligate to the Fe(III) (M1) site which 
results in the characteristic purple color of the protein. Additionally, PhosA has 
the conserved aspartate residue (Asp154) that bridges the two metal sites, as 
well as three histidine residues (His345, His390, His392), and an asparagine 
(Asn247) residue that act of ligands to the metal sites. 
4.3.2 Identification of dimetal center of PhosA 
Purified PhosA (Figure 4.4) has an absorption feature at 560 nm, 
consistent with the purple color observed. Addition of chemical reductants such 
at DTT was unable to reduce the protein. For mammalian PAPs with Fe-Fe 
centers, reduction of the purple form to the pink form results in a shift from 560 
nm to 510 nm (Schenk, Korsinczky et al. 2000). This shift was not observed for 
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Figure 4.3 Multiple sequence alignment of PhosA with PAP from Phaseolus vulgaris. 
Binding motifs are shown in red boxes. Residues marked with a red star are known to 
ligate the metal centers. Alignment was generated by use of Tcoffee software and 







PhosA after incubation with DTT under anaerobic conditions for 3 hours at room 
temperature. Addition of dithionite to the protein resulted in complete loss of the 
absorption feature at 560 nm, indicating this reductant destroyed the metal 
binding site as has been reported for rkbPAP (Beck 1986).
Using ICP-ES, I determined the metal ions bound in PhosA (Figure 4.4). 
The purified PhosA samples were analyzed for presence of Fe, Zn, and Mn as 
these metals are the most commonly found in PAPs from plants and mammalian 
systems. Analysis of several samples from at least three independent 













Figure 4.4 Purification of PhosA. 
12.5% SDS-PAGE (left) shows 
single band pure fraction of PhosA. 
Absorption spectrum (right) is of 10 
µM PhosA in 50 mM HEPES, 100 
mM NaCl, 10% glycerol, pH 7.8. 
CP-ES for PhosA. Ratio of Fe, Zn, 
and Mn present in PhosA. Data 
collected in triplicate for three 

























understand why reduction with DTT was not observed, as the Fe(III)Zn(II) center 
is known to be redox inactive (Schenk, Ge et al. 1999). 
4.3.3 EPR of PhosA similar to rkbPAP
To further explore the electronic environment of the di-metal center, I 
collected EPR of as-isolated PhosA in the purple form (Figure 4.5). In the as-
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Figure 4.5 EPR spectrum of PhosA A) Spectra collected at 14.3 K, with power ranging 
from 0.04 to 10 mW, pH 7.8 B) Spectrum collected at 14.3 K, with 10 mW microwave 
power. PhosA collected at pH 7.8 (solid line), PhosA collected at pH 5.0 in 100 mM 
sodium acetate buffer (dotted line). Spectral conditions: frequency 9.4 GHz, modulation 
amplitude 10, receiver gain 45.
A.
B.













isolated form, PhosA is oxidized with an Fe(III)Zn(II) center, confirmed by ICP-
ES. The EPR spectra collected for PhosA was initially collected to see if the as-
isolated sample of PhosA was EPR active and was not analyzed quantitatively 
for Fe content or simulations. Seen in the EPR spectra, PhosA has evidence of a 
high spin ferric iron with large rhombicity. 
The EPR spectrum of PhosA is highly similar to the EPR spectrum 
observed for the Fe-Zn form of rkbPAP (Debrunner, Hendrich et al. 1983). As 
reported for rkbPAP, it appears two high spin species are present, which give rise 
to the g=4.29 and g=9.06 values and {g= 5.29, g=4.06}. The minority high spin 
species can be further observed when the sample is collected at pH 5.0. The two 
EPR spectra, pH 7.8 and pH 5.0, show the minority ferric species for what is 
believed to be a protonated form of the dimetal center (Figure 4.5). For the pH 
7.8 PhosA EPR spectrum, a signal at g=2.06 is observed, but it is unclear what 
the feature corresponds to. This signal could be due to a protein-bound Cu(II) 
contamination, which has been reported for the EPR spectrum of native rkbPAP. 
However, the contaminating species in the PhosA sample appears in much less 
concentration than what is seen for rkbPAP, as no hyperfine splitting is observed 
(Debrunner, Hendrich et al. 1983). 
4.3.4 Phosphatase activity with p-NPP 
Activity assays of PhosA with p-NPP were performed to compare how well 
the enzyme compares to known PAPs (Figure 4.6). PAPs are most active at 
acidic pH, with the most common buffer reported to be pH 5.0. An initial test of 
 127
 128
Figure 4.6 Activity of PhosA with p-NPP. A) Hydrolysis of p-NPP to p-nitrophenol 
catalyzed by a phosphatase enzyme. Product absorbs at 405 nm. B) Michaelis-Menten 
plot of PhosA (500 nM) at pH 7.5 with p-NPP.  Each concentration of substrate was 
performed in triplicate (error bars). C) Table of activity for high-molecular weight PAPs 
with p-NPP as substrate. 
Protein Metal Center Substrate pH kcat (s-1) Km (mM)
kbPAP Fe-Zn p-NPP 6.5 473 36
sbPAP Fe-Mn p-NPP 4.9 2160 0.016
bsPAP Fe-Fe p-NPP 6.0 1760 1.2
Uf Fe-Fe p-NPP 4.9 417 1.3
PhosA Fe-Zn p-NPP 7.0 0.5 2.5
A.
B.



























optimal activity was performed for 0.5 µM PhosA in the presence of 1 mM p-NPP. 
Looking at the slope for pH 5.0, 6.0 and 7.0, PhosA was most active at pH 7.0. At 
more acidic pH, the enzyme had no reaction following the p-nitrophenol 
production at 405 nm. Settling on a higher pH for enzymatic assays, I obtained a 
complete Michaelis-Menten curve for PhosA with p-NPP at pH 7.5 (Figure 4.6a). 
Compared to other PAPs, PhosA does not catalyze the hydrolysis of p-NPP as 
efficiently as other known PAPs. The kcat calculated for PhosA is orders of 
magnitude slower than rkbPAP (Figure 4.6b). 
4.3.5 High-throughput screen to identify a substrate 
Since the activity with the non-specific p-NPP substrate was poor, I 
sampled other potential substrates by a high-throughput screen developed to 
identify phosphorus containing substrate classes for a range of diverse 
phosphatases (Huang, Pandya et al. 2015). A total of 168 compounds were 
screened for activity after incubation with 2 µM PhosA in two buffers. The first 
buffer tested (100 mM HEPES, pH 7.0) resulted in hits for the nucleotide di-,tri- 
phosphate family of substrates, yet the relative background reactivity for the 
control plate of compounds without enzyme was high based on the absorption 
detected after 30 minutes which implied non-enzymatic decomposition of the 
compounds. To improve the compound stability, I screened a second buffer (25 
mM HEPES, 50 mM NaCl, pH 7.0) which yielded similar results for the substrate 
class identified with buffer one, yet background reactivity for the control plate was 
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improved. Moving forward with buffer two, I performed the experiment for multiple 
preps of PhosA. Averaging the results for three independent assays, I compiled a 
table of substrate hits that are considered significant based on an absorbance 
reading >0.2 (Table 4.2).
4.4 Discussion
4.4.1 Biophysical characterization of PhosA 
PhosA is 55 kDa protein with conservation of 5 metal-binding motifs , and 
7 conserved amino acid residues involved in ligation of a dimetal center. The 
presence of these binding motifs is a characteristic feature of PAPs which are 
known to bind a dimetal active site, M1-M2. Based on the biophysical 
characterization, PhosA appears to be most similar to high-molecular weight 
plant PAPs. Optical studies of this purple protein confirm an absorption feature at 
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Table 4.2: HTS hits for PhosA 
Compound Class Avg. Abs Std. Dev
p-NPP
(control) Easily hydrolyzed 0.331 0.023
IDP Di and tri phosphates 0.321 0.049
TDP Di and tri phosphates 0.236 0.059
ATP Di and tri phosphates 0.214 0.078
ADP Di and tri phosphates 0.251 0.069
CDP Di and tri phosphates 0.289 0.01
GDP Di and tri phosphates 0.309 0.079
UDP Di and tri phosphates 0.322 0.002
560 nm, due to a charge transfer between a ferric iron (Fe(III)) and tyrosine 
residue involved in ligation to the chromophoric metal (M1). Based on sequence 
alignment of PhosA with members of the PAP family, Tyr200 is the putative ligand 
to the chromophoric, metal one (M1) site which is always occupied by Fe(III) 
(Figure 4.7). Addition of chemical reductants, DTT and sodium ascorbate, were 
unable to reduce the protein to a pink form, suggesting PhosA was redox inactive 
as the divalent, metal two (M2) site did not undergo a redox change from M2(III) 
to M2(II). This reduction is reported for PAPs with either an Fe-Fe or Fe-Mn metal 
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Figure 4.7 Homology model of PhosA aligned with rkbPAP. Model of PhosA (wheat) is 
shown aligned with rkbPAP (purple). Dimetal center of rkbPAP is shown as spheres. 
Putative ligands to the Fe-Zn center (zinc - purple sphere, iron - orange sphere) of 









site. Metal determination studies by use of ICP-ES verified presence of an Fe-Zn 
center for PhosA, confirming the enzyme is unable to undergo a redox transition.
Analysis of the spectroscopic and biophysical properties of PhosA show 
the protein is most similar to the rkbPAP enzyme isolated from Phaseolus 
vulgaris, but unfortunately homology models of PhosA threaded onto rkbPAP 
(PDB: 2QFR) are unreliable due to a less than 20% sequence identity between 
the two proteins. Additionally, rkbPAP and other high-molecular weight plant 
PAPs form a dimer through a disulfide formation of residue Cys345 in the 
monomer. The sequence alignment of PhosA and rkbPAP does not show 
conservation of a Cys residue in PhosA analogous to Cys345, yet the protein 
sequence of PhosA has 11 cysteine residues which could play a role in disulfide 
formation that is important for the structure of PhosA. Multimeric state studies are 
therefore necessary to address if PhosA is present as a monomer or dimer, and if 
this structural feature is necessary for function. 
Using Phyre2 software, the model generated for PhosA did not correctly 
align the putative residues identified as the metal-binding ligands to the Fe-Zn 
center (Figure 4.7). The predicted Asp residue of PhosA (Asp154) which is 
conserved and aligned with the Asp residue known to bridge the two metal ions 
in rkbPAP, was shown on a surface exposed loop nearly 10 Å from the metal site 
in the Phyre2 model. The second model, threaded onto the alkaline phosphatase 
D protein, PhoD, from Bacillus subtilis (PDB: 2YEQ), had even lower identity to 
the primary sequence of PhosA. PhoD is a member of the phosphodiesterase 
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superfamily and is not predicted to have a dimetal binding site (Rodriguez, 
Lillington et al. 2014). Fortunately, efforts to solve the crystal structure of PhosA 
are promising (Figure.4.8). Crystals formed, through a microseed process similar 
to the approach used for BthA (Section 2.2.9) are capable of diffracting to 3.0 Å 
on the home source X-ray as reported by S. Cohen in the Drennan lab at MIT.
4.4.2 EPR spectroscopy to explore dimetal center of PhosA
Confirmation of an Fe-Zn dimetal site suggested the ligation environment 
was similar to that reported for rkbPAP. Lacking structural information, as well as 
a reliable homology model, I decided to investigate the electronic environment of 
the metal active site by use of EPR. I collected the EPR spectrum for as-isolated 
PhosA and further characterize the dimetal center. The EPR indicates presence 
of two high spin ferric species, as well as a minor species at g=2.06. The high 
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Figure 4.8 Preliminary Crystals of PhosA. Image shows crystals grown for PhosA after 
removal of 6xHis tag from N-terminal end.Crystals diffracted to below 3 Å on the home 
source X-ray at MIT, yet most of crystals are stacks of plates, or single crystals  with 
multiple lattices. Image provided by S. Cohen.
spin ferric species are both rhombic in symmetry and compare well to the EPR of 
the Fe-Zn form of rkbPAP. At pH 7.8, PhosA has a mixture of both species, where 
the first species has g-values of {9.06, 5.21, 2.76, 3.66}. When the protein is 
exchanged into a pH 5.0 buffer, the EPR shows loss of the second high spin 
feature {g=4.28} and more prominent features for the first high spin feature 
{g=9.05, 5.29}. The change in the EPR spectrum at low pH indicates a 
protonation event occurred. Looking at the structure of rkbPAP for reference, it is 
likely the protonation event occurred at one of the histidine residues that ligate 
the Fe3+ center. It should also be noted the feature at g=2.06 is no longer present 
in the acidic EPR spectrum, but it is not clear if this signal is a contaminating 
species as the EPR was only collected on one purification of PhosA. Future 
experiments to further quantify the Fe content of PhosA and the relative 
contribution of each spin species based on simulations is necessary to gain 
insight into the electronic environment of the Fe(III)Zn(II) center of the protein.
4.4.3 High-throughput screen hints PhosA is involved in key metabolic process 
While the physiological role of PhosA is still unknown, enzymatic assays 
with non-specific substrate p-NPP were employed to address the relative activity 
of PhosA compared to other plant and mammalian PAPs. Unlike true PAPs, 
PhosA was inactive at acidic pH values, and only showed formation of the 
nitrophenol product when at pH 7.0 or higher. Additionally, the steady state 
kinetic parameters for PhosA are very low in comparison to other PAPs, 
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specifically rkbPAP. The kcat determined was 0.5 s-1, orders of magnitude lower 
than reported kcat values of known PAPs. Low activity toward p-NPP could be 
reflective of the metal site (Fe-Zn) that is bound from the recombinant 
purification, which might not be native to PhosA. Additionally, the affinity of PhosA 
toward p-NPP might suggest the interaction of the substrate at the active is not 
favorable due to structural differences of PhosA compared to rkbPAP. 
To address substrate specificity, a high throughput screen was utilized to 
screen a wide range of phosphorus containing substrates, including compounds 
involved in key metabolic reactions. The results showed PhosA was most 
reactive toward the di- and tri-nucleotide phosphate family. It is reported for other 
mammalian and plant PAP family members that activity towards ATP and ADP is 
typical for these enzymes (Beck 1986). This suggests a role of PAPs in energy 
metabolism, but this will need further investigation in the case of PhosA. 
Prediction websites (e.g. Signal IP 4.1) for localization of PhosA, based on 
protein sequence, suggest PhosA is exported to the extracellular compartment. It 
is important to study in vivo the location of both PhosA and BthA to better 
understand how these two proteins relate physiologically, and if the chemistry of 
these proteins is taking place in the periplasm, where BthA is predicted to be 
located.
4.5 Conclusions
Chapter 4 presents my results on the biochemical and biophysical 
properties of PhosA, the Class A phosphatase from B. thailandensis. Purification 
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of the recombinant protein resulted in identification of a Fe-Zn dimetal center 
reminiscent of the promiscuous purple acid phosphatases reported from plants, 
yet PhosA has shown to be most reactive toward the nucleotide phosphate 
substrate class. The preliminary characterization of PhosA introduces a new 
bacterial enzyme to the PAP superfamily. The results indicate PhosA is closely 
related to the high-molecular weight PAPs isolated from plants, with a 
spectroscopic similarity to the as-isolated rkbPAP. As PhosA is purified 
recombinantly, in an expression vector with a periplasmic leader sequence, it is 
important future work explores the specificity of metal site and whether Fe-Zn is 
preferably over Fe-Fe or Fe-Mn. Crystallographic studies are also important to 
confirm the ligation environment of the metal site, as well as the multimeric state 
and disulfide bonds present within the protein. 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Chapter 5: Expanding the Peroxidase Superfamily - Preliminary Results on 
the Characterization of Class B enzyme, BthB, from B. thailandensis 
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5.1 Introduction
In Chapter 2 I presented the results for the SSN of the bacterial 
peroxidase superfamily. The Burkholderia orthologs, present in Cluster IIIB of the 
CCP_MauG domain SSN created (Figure 2.1), represent two different classes of 
proteins, which based on initial characterization, implies different functional roles 
within the organism. My results for the Class A protein BthA, characterized by in 
vitro techniques, suggest a novel role for this diheme enzyme with respect to the 
H2O2 reactivity observed and the electron transfer pathway that exists within the 
protein scaffold. My initial studies on BthB, the Class B diheme enzyme, 
suggests this enzyme is another unique addition to the bacterial peroxidase 
superfamily. Class A proteins are found on Chromosome II of all Burkholderia 
species, where as Class B proteins are location of Chromosome I. Figure 5.1) 
Like bthA, bthB genomic context highlights presence of a phosphatase 
conserved upstream and also present in other gram-negative soil bacteria. For 
the B system, the conserved phosphatase is part of the acid phosphatase 







Figure 5.1 Genomic context of Burkholderia orthologs. Class A proteins are shown 
conserved on chromosome II and Class B proteins are shown conserved on 
chromosome I. 
sites or conservation of key residues necessary for function. Annotation of PhosB 
suggests this putative phosphatase is part of the AcpA acid phosphatase family. 
Deletion of the acpA genes in B. mallei resulted in loss of phosphatase activity, 
indicating a potential role of this gene is phosphorous metabolism (Burtnick, 
Bolton et al. 2001). Conservation of acpA gene homologs are present in both 
pathogenic and non-pathogenic strains of Burkholderia.
With respect to BthB, the enzyme shares 30% identity to MauG and 25% 
identity to bCCPs. A homology model of BthB, generated by Phyre2 software, 
threaded the sequence of BthB onto MauG, and predicts an overall fold similar to 
BthA (Figure 5.2). Interestingly BthA and BthB share 40% sequence identity to 
each other, but BthB shows conservation of key residues necessary for function 
of bCCPs and MauG, such as Trp176 found midway between the 5c and 6c 
heme site. BthB is also predicted to have Tyr380-His ligation of the 6c heme site. 
Lastly, the homology model of BthB shows presence of two cysteine residues 
(Cys333 and Cys347) on the C-terminal end of the protein likely involved in 
disulfide bond formation, as observed for BthA. I hypothesize the role of this 
disulfide for the Class A and Class B diheme enzymes has a functional 
significance, given the conservation of the two C-terminal Cys residues across 
the diheme proteins found in Cluster IIIB of the SSN (Figure 2.1). 
Biophysical characterization of BthA expanded the peroxidase superfamily 
by introducing a member capable of dual H2O2 reactivity. Presence of the B 









Figure 5.2 Predicted structure of BthB. A) Homology model generated with Phyre2. 
MauG structure (PDB: 3L4O) aligned with model in Pymol. B) Predicted active site of 
BthB. Heme cofactors of MauG are represented as sticks (teal). C347 and C333 
(yellow) represent cysteine residues believed to form a disulfide similar to BthA. Y380 
(orange) is the predicted ligand of heme 6c.
Heme 6c Heme 5c
bacteria (i.e. Ralstonia solanacearum) implicates a functional role for the heme 
protein and phosphatase pair that is independent of the A system. Herein I 
present my initial in vitro characterization of BthB by use of biochemical and 
biophysical techniques. The absorption spectra, EPR, steady state kinetic assays 
with H2O2, and NIR spectroscopy of peroxide-treated enzyme imply differences 
with respect to the heme environment and H2O2 induced chemistry of BthB 
compared to ortholog, BthA. Mutational studies of Trp176 further prove that BthB 
mediates electron transfer through a pathway not as well defined as the pathway 
reported for MauG and canonical bCCPs.
5.2 Materials and Methods 
5.2.1 Molecular biology
BthB from Burkholderia thailandensis (gene ID: BTH_I2670) was 
synthesized and codon optimized for expression in E. coli (GeneWiz). To avoid 
potential complications from export to the periplasm and maturation of 
cytochromes c, a truncated BthB sequence, starting at D37 on the N-terminal 
end, was sub-cloned into pETSN expression vector with a cleavable OmpA 
periplasmic leader sequence and T7 promoter (Hoffmann, Seidel et al. 2009). 
The plasmid generated (pKR9) contains an N-terminal Strep tag and C-terminal 
6xHis tag. Cloning was performed routinely using restriction enzymes XhoI and 
EcoRI, purchased from New England Biolabs (NEB), plasmid mini-prep kits 
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(Qiagen) and T4 DNA ligase (NEB). Site-directed mutagenesis of W176S was 
carried out using QuikChange Lightning kit (Agilent) using following primers: 
W176S variant was confirmed through sequencing before expression (GeneWiz). 
E.coli strains were cultured in 2x YT (Fisher BioReagents) liquid media or 2x YT 
agar at 37˚C.
5.2.2 Expression and purification of BthB and W176S 
BthB was co-transformed with a plasmid containing cytochrome c 
maturation cassette (Thony-Meyer, Fischer et al. 1995), into BL21(DE3) 
competent cells. Starter cultures of 5 mL were grown overnight at 37˚C in 2x YT, 
supplemented with 100 µg/mL ampicillin and 35 µg/mL chloramphenicol. The 
culture was harvested and resuspended in fresh media before inoculating 1L 
flask of 2x YT for bulk expression at 37˚C with 220 rpm until OD600 nm=0.8 was 
reached. Cells were cooled for one hour at 4˚C and induced with 100 µM β-d-
thiogalactopyranoside (IPTG, Bio-rad) for 17 hrs at room temperature with 
shaking at 150 rpm. 
Cell pellets harvested from 1-L of culture were resuspended in lysis buffer 
(50 mM HEPES, 400 mM NaCl, 15 mM imidazole, 10% glycerol, pH 7.8). 







Protease inhibitor was added to a final concentration of 1 mM 
phenylmethanesulfonyl (PMSF)), before cells were lysed by sonication. Clarified 
lysate was obtained after centrifugation at 18,000 x g for 35 minutes. 
Supernatant was loaded onto 15-mL of Ni-Sepharose fast flow resin equilibrated 
with 5 CV of lysis buffer (GE Healthcare). Resin was washed with lysis buffer 
until Abs280 nm <0.1. BthB was eluted at 90 mM imidazole. Protein eluted was 
pooled and concentrated before final exchange into 50 mM HEPES, 100 mM 
NaCl, 10% glycerol, pH 7.8 by use of Amicon 30K MWCO concentrators. Purity 
was checked by running 12.5% PAGE. Final sample was stored at -80˚C until 
needed. Protein concentration was determined by Bradford assay. Expression 
and purification of W176S followed protocol described for WT. For purification 
with Ni resin, bound protein was washed excessively with 45 mM imidazole 
before elution with 400 mM imidazole. To remove imidazole, several buffer 
exchanges into PBS were performed until final concentration of imidazole was 
<10 µM. Variant needed a different storage buffer due to complications with 
stability. W176S was exchanged in phosphate buffered saline (PBS), pH 7.4, 
10% glycerol before storing at -80˚C. 
5.2.3 UV-Visible spectroscopic analysis 
UV-visible spectra for the oxidized and reduced state of BthB and was 
obtained on a Cary50 spectrophotometer (Agilent) using 1 mL quartz cuvettes 
(Starna cells). The as-purified, oxidized state was determined under aerobic 
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conditions at 21.0˚C in 50 mM HEPES, 100 mM NaCl, 10% glycerol, pH 7.8 
buffer. For reduction of the heme centers, either sodium dithionite or sodium 
ascorbate was added to the cuvettes to a final concentration of 1 or 5 mM under 
anaerobic conditions with the use of gas-tight syringes (Hamilton).
5.2.4 Steady-state kinetic assay 
Peroxidase activity was determined following protocol described in 
Chapter 2, section 2.2.5. H2O2 concentrations ranged from 3 µM to 500 µM. 
ABTS and H2O2 were reacted for 10 seconds before addition of enzyme, and 
background reactivity was subtracted from each trace. Enzyme was added to 
final concentration of 60 nM (determined by Bradford). For W176S, H2O2 
concentrations ranged from 0.1 mM to 100 mM. Final concentration of W176S in 
assay was 30 nM. Assays were performed by Camilla Stejskal (BMB student, BU 
18’).
5.2.5 Near-Infrared spectroscopic analysis 
The spectra for diferric and H2O2 treated BthB was collected following 
protocol described in Chapter 2, section 2.2.7. BthB was reacted with 50 µM 
H2O2. Spectra were obtained aerobically at room temperature in 50 mM HEPES, 
100 mM NaCl, 10% glycerol, pH 7.8 buffer. For W176S, spectra were collected in 
PBS, pH 7.4, 10% glycerol.
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5.2.6 EPR spectroscopy 
X-band (9.44 GHz) EPR experiments were recorded on a Bruker 
ELEXSYS-II E500 CW-EPR equipped with Oxford Instruments ESR-10 
continuous flow liquid helium cryostat to achieve low temperature of 14.9 K. BthB 
(225 µM) was collected in 100 mM TIP7 (60% HEPES, 40% potassium 
phosphate), 30% glycerol. The sample was frozen in liquid nitrogen and stored 
in liquid nitrogen until collection. Data collected was simulated using least-
squares fitting in Spin Count.
5.2.7 Potentiometric titration 
Redox titrations were performed anaerobically with an optically 
transparent thin later electrochemical (OTTLE) cell as described in Chapter 2 
section 2.2.6. Multicomponent buffer (5 mM HEPES, MES, MOPS, CAPS, TAPS, 
CHES, 100 mM NaCl, pH 7.0) was purged sufficiently with argon before use to 
remove oxygen. Mediators ranged from -290 to +216 mV vs. SHE and included 
2,6-dichloroindophenol (+216), 1,2-napthoquinone (+150), phenazine 
methosulfonate (+80 mV), methylene blue (+11 mV), indigo trisulfonate (-80 mV), 
FMN (-150 mV vs. SHE), and safranin T (-290 mV vs. SHE).
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5.3 Results 
5.3.1 Biophysical characterization of BthB 
Initial characterization of purified BthB by use of UV-Vis spectroscopy 
showed the protein is purified in the diferric, Fe(III)Fe(III) state. BthB purifies with 
a dark brown color, reminiscent of Fe-S cluster containing proteins despite 
containing two heme centers. The absorption spectrum has strong charge 
transfer bands indicative of the Tyr-His ligation reported for BthA (Figure 5.3a). 
Unlike BthA, BthB does not have a strong absorbance at 640 nm, representative 
of a high-spin species. Upon reduction of the protein with dithionite, the Soret 
shifts from 402 nm to 427 nm, with a sharp band appearing at 550 nm (Figure 
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Figure 5.3 Absorption spectrum of BthB. A) Normalized spectra of diferric BthA 
(purple) and BthB (black). B) Diferric form of BthB (solid line) and dithionite reduced 
(dotted line). Protein collected in 50 mM HEPES, 100 mM NaCl, 10% glycerol, pH7.8. 
Reduced spectrum was collected after addition of 1 mM dithionite.


















5.3b). This result is consistent with the reduced spectrum of BthA, where both 
proteins show only one band at 550 nm versus the well defined α/β bands which 
appear at 550 and 524 nm, respectively, of canonical bCCPs. Reduction of BthB 
also yields a change in color of the protein from brown to yellow rather than the 
well characterized pink color of reduced cytochrome c proteins (Keilin 1937). 
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Figure 5.4 EPR spectrum of diferric BthB. BthB (225 µM) in 100 mM TIP7, 30% 
glycerol (Red trace). Spectral parameters: microwave power 0.1 mW, receiver gain 50 
dB, modulation amplitude 10 G, 14.9 K. Simulations of the HS and LS species are 











Changes in the optical spectrum were further assessed by EPR 
spectroscopy to take a closer look at the heme geometry of the predicted 5c and 
6c heme sites. Diferric BthB was collected at 14.9 K and indicates two distinct 
heme sites (Figure 5.4). The low-spin (LS) heme center, presumably 
representative of the Tyr-His ligated heme center, is nearly identical to the low-
spin heme of BthA (Figure 2.3). The g-values determined {2.57, 2.20, 1.84} and 
rhombic symmetry helps support the predicted ligation environment. Alternatively, 
the high-spin heme center of BthB shows two species, one with rhombic 
symmetry {g=6.2, 5.8, 1.99} and one with axial symmetry {g=6.0, 1.99} which is a 
minority species. Simulations of the spectrum (performed by A. Weitz with 
SpinCount) verify presence of the two HS species, where HS1 is a minority 
species with 6% Fe(III) contribution to signal and HS2 contributes 40% (FeIII) to 
the signal. The LS1 species accounts for 54% of Fe(III) (Table 5.2).
5.3.2 Steady state kinetics with ABTS-linked peroxidase assay 
The potential role of BthB in hydrogen peroxide detoxification was 
assessed by use of the ABTS-linked assays described in Chapter 2. For BthB, 
the range of H2O2 used was nearly 10-fold more than required for saturation of 
BthA (Figure 5.5). For BthB, saturation of the enzyme was achieved at 400 µM 
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Table 5.2: EPR Simulation of BthB (Figure 5.4)
Spin State HS1 HS2 LS1
Percent contribution 6% 40% 54%
g-values 6.00, 1.99 6.2, 5.8, 1.99 2.57, 2.20, 1.83
H2O2, as compared to only 30 µM H2O2 required for BthA. The kinetic parameters 
of BthB with H2O2 are different from the values reported for BthA. The Km 
determined for BthB is 80 µM, kcat=4 s-1 and the kcat/Km is 105 M-1s-1. The overall 
efficiency is an order of magnitude lower than BthA. 
5.3.3 Near-IR spectrum of peroxide treated BthB 
The ability of BthB to generate the bis-Fe(IV) species was addressed by 
NIR spectroscopy as described for BthA. For BthA, formation of the species was 
achieved with one equivalent H2O2, as indicated by the formation of a peak with 
an absorption maximum at 960 nm. Though, with respect to the Mössbauer data, 
addition of 10 equivalents H2O2 was necessary for full conversion of diferric BthA 
to the bis-Fe(IV) state. For BthB, one equivalent was not sufficient to fully form 
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Figure 5.5 ABTS-linked Peroxidase Activity Assay. Peroxidase activity was determined 
following oxidation of ABTS at 420 nm. Each point was collected in triplicate. Data fit to 
Michaelis-Menten equation. 
the intermediate following the NIR feature at 950 nm. Instead, addition of 10 
equivalents of H2O2, the spectrum generated compared to both BthA and MauG 
(Figure 5.6). Monitoring the decay of the intermediate at 960 nm, the species was 
only stable for 12 minutes before decaying back to the diferric, Fe(III)Fe(III) state. 
The decay of the BthB peroxide induced species, believed to be a bis-Fe(IV) 
intermediate, is 10 times faster than the decay of bis-Fe(IV) intermediate 
observed for BthA. Additionally, the 12 minute reduction of the bis-Fe(IV) species 
of BthB was recorded after 10 equivalents H2O2. Faster reduction to the diferric 
state of the protein implies the organization of amino acid residues midway 







































































Figure 5.6 Auto-reduction of bis-Fe(IV). A) 5µM diferric BthB (black trace) and 
peroxide treated after 10 eq. H2O2 (red). Gray scans represents reduction of 
intermediate. Each scan collected at 1.5 minutes. B) Monitoring change in absorbance 





5.3.4 OTTLE titration of BthB 
Using the spectroelectrochemical approach described in chapter 2, I 
determined the reduction potential of one of the heme centers of BthB (Figure 
5.7). I performed an oxidative titration, starting the experiment with +100 mV vs. 
SHE applied to the electrochemical cell and stepping the potential down in 30 mV 
increments until changes in the absorption spectrum were no longer observed. 
Preliminary results indicate only one heme center was reduced, based on a 
single transition observed in the titration curve as well as what appears to be a 
semi-reduced absorption spectrum which has been reported for canonical 
bCCPs (Arciero and Hooper 1994). 
For BthB, the final reduced spectrum shows a partial shift in the Soret with 
a shoulder at 427 nm, suggesting reduction of only one heme site. A full shift to 
427 nm is observed when BthB is fully reduced with dithionite (Figure 5.3). 
Calculating the fraction of protein reduced based on the change in absorption at 
427 nm, the data was fit to the Nernst equation for a single electron transfer 
event of n=1. The absorption scans collected for the overall change of the protein 
from oxidized to reduced indicate only partial reduction of BthB, as the final 
spectrum collected at -370 mV vs. SHE does not compare to the dithionite 
reduced spectrum of BthB (Figure 5.3). Fitting the titration curve to a single step 
Nernst equation to account for the transition observed following the 427 nm 
absorbance of the Soret, the potential determined is -245 mV vs. SHE, with an 
n=0.9, supporting a single electron reduction. This potential is in the range of the 
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5c heme sites of BthA, MauG and bCCPs. It is unclear if the incomplete 
reduction to the diferrous state was a result of protein stability throughout the 
course of the experiment or if stronger reducing power to the OTTLE cell (< -370 
mV vs. SHE) was needed to reduce the second heme site.
5.3.5 Site-directed mutagenesis of Trp176 
The most notable difference between BthA and BthB is the presence of a 
Trp residue midway between the heme sites for BthB. Presence of a Trp residue 
in this position is highly conserved in MauG and canonical bCCPs, as it is an 
essential residue for electronic communication between the two heme sites. To 
probe the role of Trp176 in BthB, I mutated Trp176 to Ser, creating a similar ET 
network seen for BthA. Purification of W176S caused a change in the stability of 
the protein compared to WT. The variant needed to be stored in PBS buffer with 
10% glycerol to avoid precipitation. As mentioned in Chapter 2, the S257A and 
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Parameters:   Standard deviations:
B = -245.5465   ∆B = 2.4707
n =    0.9320   ∆n = 0.063329
Figure 5.7 Spectroelectrochemical titration of BthB. A) Absorption scans of BthB from 
oxidized (black) to reduced (purple). B) titration curve following absorbance of Soret 
(427 nm). Final scan collected at -370 mV was normalized to represent 100% 
reduction. Single-step Nernst (solid line) is shown for the curve.
A. B.
S257W variants of BthA also affected to stability. Peroxidase activity was 
determined for W176S following the ABTS-linked assay. Initial studies of activity 
with 500 µM H2O2, the saturating concentration of WT, indicated low turnover 
when W176S concentration was either 30 nM or 200 nM. Michaelis-Menten 
kinetics showed the W176S variant requires much higher concentrations of H2O2 
in order for the enzyme to saturate (Figure 5.8). While the efficiency (kcat/Km) is 
orders of magnitude lower than WT, the turnover number (kcat) is nearly 10 times 
higher.
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Protein kcat (s-1) Km (µM)
WT BthB 7 ± 1 80 ± 30
W176S 19.5 ± 0.7 23,000 ± 3000
WT BthA 5.3 ± 1.5 3.4 ± 0.4
S257A 6.0 ± 0.1 2.1 ± 0.2
S257W 3.5 ± 0.3 2.2 ± 0.4
Figure 5.8 Steady state kinetic assay of W176S. A) Michaelis-Menten plot of W176S 
with H2O2. Each point collected in triplicate. Data fit to Michaelis-Menten equation. B) 
Table of kinetic parameters collected for WT BthB, BthA and variants. 
Experiment 1
Function 'Steady_state' with input = 'x', output = 'y'
Data from 'Untitled Data 2' with x–column = 'H2O2 Conc. (mM)' (1), y–column = 'Abs/sec' (2)

















Additionally, NIR of peroxide treated W176S yielded a similar spectrum to 
what I collected for WT BthB indicating mutation of this conserved Trp midway 
between the heme sites does not directly impair bis-Fe(IV) formation, as the 
variant is still capable of generating an absorption maximum at 960 nm after 
addition of 10 equivalents H2O2.
5.4 Discussion
Purification and characterization of BthB suggests this Class B diheme 
enzyme is distinct from the Class A protein, BthA. Even though BthB shares a 
relatively high sequence identity (40%) to BthA, the biophysical results presented 
show distinctions in the H2O2 chemistry and electronic environment of the heme 
cofactors observed for these two orthologs. Utilizing the techniques used to 
characterized BthA, I determined the steady state kinetics of BthB with H2O2 in 
the established ABTS-linked assay, used NIR spectroscopy as a preliminary 
experiment to bis-Fe(IV) formation, and explored the electronic properties of the 
heme environments by EPR.
5.4.1 EPR spectrum of diferric BthB 
The homology model of BthB predicts presence of a 5c heme, with 
conservation of core residues found in bCCPs and MauG, as well as a Tyr-His 
ligated heme (Figure 5.2). Lacking crystallographic data to confirm the predicted 
hemes, EPR was used as a way to gain insights into the electronic structure of 
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the heme cofactors. The EPR for the diferric enzyme confirms two heme sites, 
where the LC, 6c heme has rhombic symmetry and resembles that of BthA and 
MauG. This is likely the Tyr-His ligated heme site, evidenced by the sequence 
alignments and homology model of BthB with BthA and MauG. However, the HS 
heme observed in EPR is comprised of two HS species. Presence of a rhombic 
HS species is observed with g-vlaues {6.2, 5.8, 1.99} as well as a small 
contribution of an axial HS species g-values {6.0, 1.99}. HS signals with rhombic 
symmetry has been reported for Hemoglobin M which also has evidence of two 
species (Peisach, Blumberg et al. 1969). Hemoglobin M has reported g-values of 
{6.18 and 5.78} with derivative extrema separated by approximately 120 gauss. 
The authors hypothesize that the sample contained a mixture of two HS species, 
one having rhombic symmetry and one having tetragonal symmetry. For 
myoglobin, this change in symmetry of the high spin heme has been attributed to 
a change in ligation from histidine to tyrosine (H93Y) (Adachi, Nagano et al. 
1993). Despite 40% sequence identity between BthB and BthA, the EPR results 
show the enzymes differ with respect to the electronic environment of the heme 
sites, specifically the predicted 5c heme site which appears to contribute two 
distinct HS species to the EPR spectrum of the diferric protein for BthB. Changes 
in the heme environment based on geometry could also reflect differences in 
electrochemical properties and H2O2 reactivity. Structural studies of BthB are 
important to understand which residues within the distal and proximal pockets of 
the 5c heme affects the geometry compared to the 5c heme site of BthA. 
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5.4.2 Preliminary experiments to understand reduction potential of the heme 
cofactors
The EPR spectrum collected for as-isolated BthB confirms presence of 
two distinct heme centers, a 5c and 6c heme site, which differ with respect to 
ligation environment and spin state. Based on the absorption spectrum for the 
diferric and dithionite-treated sample, BthB is capable of fully reducing to a 
diferrous state. I utilized spectroelectrochemical titrations to monitor the reduction 
of the heme sites from Fe(III) to Fe(II) and determine the potential at which the 
redox transitions occur, and how the potential of the two heme sites compare to 
bCCPs, MauG and BthA. I started the titration at a positive potential and verified 
the starting spectrum matched the spectrum for the diferric state of the protein. 
The final absorption spectrum of BthB was collected at -370 mV vs. SHE, after 
changes in the optical feature at 427 nm were no longer occurring as the applied 
potential was lowered. Analysis of the change in absorption following the Soret, 
versus applied potential showed a single transition in the titration curve (Figure 
5.7) which was fit to the Nernst equation for a one electron reduction. The 
potential determined was -245 mV vs. SHE, well within the range for the 5c heme 
site reported for canonical bCCPs and MauG. It is difficult to identify which heme 
center reflects the transition at -245 mV as the titration did not suggest two 
reduction events occurred, however the value obtained compares well the the 5c 
heme site of many bCCPs. 
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A look at the 6c heme site of BthB overlaid with MauG (Figure 5.9) shows 
a difference in one of the residues present in the distal pocket which could reflect 
changes in the reduction potential compared to the 6c heme site of MauG and 
BthA. While Tyr380 is the predicted ligand to the heme site, a nearby 
phenylalanine (Phe365) is also present in the pocket of the 6c heme of BthB. In 
the case of BthA and MauG, this position is instead a methionine residue. The 
change in the 6c heme environment of BthB may have altered the potential more 
negative, possibly lower than the -245 mV vs. SHE measured which suggests 
reduction of this site was not achieved in the titration. 
It is likely presence of Phe365 in the pocket of the 6c heme of BthB also 
contributes to the difference in geometry of the high-spin heme observed in the 
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Figure 5.9 Predicted 6c heme site of BthB. Homology model of BthB (blue) overlaid 
with MauG (cyan). Heme 6c of MauG is shown with residues conserved in the distal 








EPR. In the case of MauG, since the heme sites are electronically coupled 
changes at one site can impact the spin state or reduction potential of the other 
(Feng, Jensen et al. 2012, Shin, Feng et al. 2015). Presence of Phe365 could 
affect the electronic communication to the 5c heme site, potentially altering the 
spin state and confirmation of the heme. Structural data of BthB is necessary to 
understand how the heme environment of the 5c and 6c heme is altered 
compared to BthA and MauG. Additionally, alternative methods for determination 
of the reduction potentials should be explored. In Chapter 3, I described my 
efforts for analysis of BthA reduction potentials by use of direct electrochemistry. 
By use of MWCNT coated PGE electrodes, I was able to generate a stable 
protein film by direct deposit of BthA onto the electrode surface. Preliminary 
electrochemistry results of BthA using PFV suggest BthB is also capable of 
forming a film of PGE electrodes. Because of the 40% sequence identity 
between the two Burkholderia orthologs, it is likely the BthB is also capable of 
analysis by direct electrochemistry to better determine the potentials of the heme 
cofactors.
5.4.3 Hydrogen peroxide reactivity of BthB 
Steady state assays with artificial electron donor, ABTS, show BthB is 
capable of catalytically reducing H2O2, yet the overall parameters differ from 
those reported for BthA. The Km obtained for BthB with H2O2 is 80 µM ± 30 µM, 
which is about 30 times higher than BthA with a Km of 3 µM. Differences in Km 
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between the Burkholderia orthologs might reflect differences of the protein with 
respect to the native function and they way in which the enzymes interact with 
H2O2 in the cell. Additionally, the overall efficiency (kcat/Km) is an order of 
magnitude lower. These results suggest BthB is not as good of a peroxidase as 
BthA, but it should be considered the role of an artificial donor in these solution 
assays. If BthB is involved in hydrogen peroxide detoxification, identification of a 
native electron donor is important for addressing the overall kinetics.
When in the absence of an electron donor, I found BthB is capable of 
generating the bis-Fe(IV) species when treated with H2O2, but reduces the 
species back to diferric nearly 10 times faster, with a total decay time of 12 
minutes. This suggests reduction of the Fe(IV) states of the heme centers is 
achieved by electron transfer from nearby amino acid residues capable of 
oxidation. The pathway of ET in BthB is likely different from BthA, given the 
conservation of a Top residue predicted to be located midway between the heme 
sites. For BthB, to generate a stable feature at 960 nm after addition of H2O2, the 
enzyme needed to be reacted with 10 equivalents of H2O2. Even with excess 
H2O2, the auto-reduction to the diferric state was similar to the timescale reported 
for MauG (Geng, Dornevil et al. 2013). The faster reduction back to the diferric 
state could be reflective of the ET network present within the protein scaffold of 
BthB. It is also possible BthB has a different affinity for H2O2 compared to MauG 
and BthA, which is also supported by the difference in Km compared to BthA, 
determined by solution based peroxidase activity assays with artificial electron 
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donor, ABTS. Further confirmation of the bis-Fe(IV) species by use of Mössbauer 
spectroscopy is important for probing the intermediate and how it relates to BthA.
5.4.4 W176S variant suggests presence of a unique ET network 
Residues analogous to Trp176 of BthB are highly conserved in bacterial 
diheme peroxidases and play a fundamental role in mediating ET from the 6c 
heme site to the 5c heme site. Mutational studies of Trp176 were addressed to 
further probe the significance of this residue with respect to the Class B 
Burkholderia orthologs and if this residue, replaced by a Ser in BthA, is essential 
for enzymatic activity with H2O2. For direct comparison of BthB to BthA, I 
generated a W176S variant of BthB. W176S altered the kinetic parameters of the 
steady state peroxidase assay, but not the bis-Fe(IV) formation. The Km of 
W176S was increased from 70 µM H2O2, observed for WT, to 23 mM H2O2. In the 
case of MauG, mutation of Trp93 to Tyr affected the affinity of MauG with protein 
substrate, preMADH (Shin, Feng et al. 2013). For W93Y, reaction rates with 
preMADH and quinol MADH as substrates were much lower compared to WT 
MauG. Additionally, the rate of reaction of diferric W93Y MauG with H2O2 to 
generate the bis-Fe(IV) intermediate is orders of magnitude lower than WT 
MauG. Despite changes in the kinetics of H2O2 reduction, the NIR spectra for 
diferric and H2O2 treated W176S still showed generation of a peak at 960 nm 
when H2O2 was in excess. This result implies there is an ET network for bis-
Fe(IV) formation that is independent of H2O2 reduction.
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5.5 Conclusion
Taking a chemical approach to understanding the properties of BthB, I 
introduce another member to the bacterial peroxidase superfamily. While studies 
are needed to understand the physiological role of BthB, and Class A enzyme 
BthA in B. thailandensis, initial biochemical and spectroscopic characterization 
imply these diheme enzymes have diverged from the well-studied bCCPs and 
MauG to carry out oxidation reaction with H2O2. BthB is capable of reducing H2O2 
to water, but not as efficiently as bCCPs or BthA. A direct role of hydrogen 
peroxide detoxification is not suspected, but the use of H2O2 to further oxidize a 
substrate, similar to MauG and preMADH, is plausible given the ability of the 
enzyme to form the bis-Fe(IV) species.
Preliminary results to understand the ET which occurs between the 5c and 
6c heme site of BthB show the enzyme is still active when mutating Trp176, a 
residue that is essential for both bCCPs and MauG. W176S was unable to 
inactivate BthB with respect to H2O2 reduction and bis-Fe(IV) formation. As 
proposed in Chapter 2 for BthA and Ser257 variants, it is likely ET from the 6c to 
5c heme site is not important in the catalytic cycle of H2O2 reduction. This also 
suggests, like BthA, there is a unique ET pathway of the Burkholderia orthologs 
that differs from the what is reported for MauG with respect to bis-Fe(IV) 
formation (Geng, Davis et al. 2015). 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Chapter 6 - Conclusions and Future Directions
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6.1 Conclusions 
The work presented in this thesis focuses on the biochemical and 
biophysical characterization of unreported diheme enzymes found in gram-
negative soil bacterium, Burkholderia. Taking a chemical approach, I’ve 
investigated how Nature has diverged to produce diheme enzymes promiscuous 
in their H2O2 reactivity. Canonical bCCPs have been extensively studied from a 
structure-function perspective to understand the mechanistic details of H2O2 
reduction (Pettigrew, Echalier et al. 2006), yet reports on the functional role of 
diheme protein MauG further diversify this bacterial superfamily by introducing a 
structurally similar enzyme with completely different chemistry (Shin and 
Davidson 2014). 
In Chapter 2 I introduce my SSN of the CCP_MauG domain protein family. 
Moving forward, analysis of the SSN from a biological perspective is necessary 
for coupling the unique chemistry observed for the Burkholderia orthologs to 
native function. The network suggests separation of protein sequences not just 
by sequence similarity, but similarity of metabolism of the microorganisms 
present. As mentioned in Chapter 2, a well-defined mau operon is present for 
putative MauG proteins in both Cluster I and Cluster IIIA, but sequences in 
Cluster I are found in bacteria which require either methane or methylamine to 
grow. Additionally, analysis of Cluster IIIB, where the Burkholderia orhtologs are 
conserved, suggests high similarity between the soil bacterium conserved in this 
cluster. Applying a more stringent E-value cutoff, analysis of the network with 
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respect to the microbes present will help to gain insight into the metabolism and 
potential role of the unreported diheme enzymes present. A link between the 
proteins and the metabolism of their native organism is key for further expanding 
our understand of the physiological role of the diheme enzymes that are lacking 
in biochemical characterization.
6.2 Future Experiments to explore the chemistry of BthA 
In Chapters 2 and 3 I characterize Class A diheme enzyme, BthA, and 
explore how key structural features such as the Tyr-His ligation of heme 6c 
impact the biochemical and electrochemical properties of the enzyme. It is likely 
the structural differences present in BthA, such as the Ser residue present 
midway between the heme sites, disulfide bond formed between cysteine 
residues on the C-terminal end of the protein, and missing Ca2+ ion are also 
involved in directing the enzyme toward either bCCP or MauG-like chemistry with 
H2O2. While the native substrate for BthA is not yet identified, preliminary results 
of the enzyme with H2O2 have verified a role of this protein in both H2O2 
reduction, reminiscent of bCCPs, and bis-Fe(IV) formation. BthA is the second 
diheme enzyme capable of generating the bis-Fe(IV) state, which is verified by 
EPR, Mössbauer, and NIR spectroscopies. 
Experiments to understand the stability and residues involved in mediating 
the Fe(IV) oxidation state at both heme centers of BthA after reaction with H2O2 
is essential to understand how BthA differs from MauG. Future studies are 
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necessary to understand how protonation affects the Fe(IV) oxidation state at the 
6c and 5c heme site, as preliminary results in Chapter 3 suggest an important 
role for pH in modulating reduction potential and generating the bis-Fe(IV) 
species observed by NIR. 
By use of Mössbauer, the affect of pH on the Fe(IV) oxidation is important 
to corroborate the NIR and EPR results that suggest instability of the species at 
basic pH, potentially impacted by a change in spin-state. This will also address 
the preference of a Cpd-II like species of the 6c heme site, similar to 
chloroperoxidase (CPO) (Stone, Behan et al. 2006). Additionally, pre-steady state 
kinetics would be instrumental in trying to address if there are intermediates 
building up before both heme sites are oxidized to Fe(IV), which is suggested by 
the 15 minute buildup of the 960 nm feature before the species reduced back to 
diferric (Figure 2.5).
Investigating the role of Tyr463 is also important for understanding of the 
ligation environment of the 6c heme site directs the enzyme toward either H2O2 
reduction or bis-Fe(IV) formation. For bis-Fe(IV) formation of WT BthA, Tyr463 is 
necessary for mediating ET transfer from heme 5c to 6c for oxidation of both 
sites to Fe(IV). Initial studies of the Y463M variant treated with H2O2 and 
analyzed by NIR spectroscopy suggest the introduction of this mutation impairs 
bis-Fe(IV) formation, yet does not impact the peroxidase activity. Additionally, the 
Y463M variant was capable of purifying with a stable Fe(IV) oxidation site under 
aerobic conditions, which implies a role in O2 activation. If BthA and Y463M are 
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capable of binding O2 when heme 5c is in a Fe(II) state, there is evidence for 
potential P450 like chemistry at the active site, which is unprecedented for 
canonical bCCPs and MauG. To understand the source of the Fe(IV) state at the 
5c heme site of Y463M, anaerobic purifications are necessary for both Y463M 
and WT BthA for direct comparison. 57Fe-enriched samples should be prepared 
anaerobically and sent for analysis before exposure to air. This experiment will 
allow for determination of the heme oxidation states when cells are lysed in the 
absence of O2. Mössbauer spectroscopy will be useful to identify if the 6c and 5c 
heme sites of WT and Y463M are in the ferrous or ferric state. If the 5c heme site 
is ferrous, exposure of the samples to varying amounts of O2 will address if 
oxidation of the 5c heme site to Fe(IV)O is achieved, confirming the source of the 
ferryl species for aerobically purified Y463M. 
Lastly, identifying residues involved in ET between the 5c and 6c heme 
sites for bis-Fe(IV) formation in BthA is important to understand how the 
Burkholderia orthologs differ with respect to their internal electron transfer. With 
the structure available, single-point mutations of potential residues will allow for 
the ET pathway to be mapped out. I have recently identified a tyrosine residue 
(Tyr390) in close proximity to Ser257 (Figure 6.1). I’ve generated the Y390F 
variant in the untagged construct of BthA with plans to explore the role of this 
residue in the electronic communication between the heme sites. Purification of 
Y390F and analysis of H2O2 reactivity by use of steady state kinetics and NIR will 
address if this residue is important for formation of bis-Fe(IV) species or H2O2 
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reduction, and if the electron transfer pathway within the protein matrix of BthA 
can be mapped. 
There is also presence of an electron rich region near the disulfide bond of 
BthA which could be a potential site of electron transfer. In MauG, presence of 
Trp199 at the interface of the preMADH complex is known to play a key role in 
electron trasnfer. Mutation of Trp199 to phenylalanine inhibited ET to βTrp57 and 
βTrp108 of preMADH, resulting in loss of TTQ formation (Abu Tarboush, Jensen 
et al. 2013). Looking at the structure of BthA, there is Tyr432, Trp429 and Tr423, 
each positioned less than 10 Å away from each other, where the Trp residues are 
present at the surface of the protein. It is possible this region in important for 
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Figure 6.1 Potential residues involved in ET of BthA. Heme active site of BthA is 
shown. Ser257 and Tyr390 and shown to suggest an ET pathway for bis-Fe(IV) 
formation. Also shown are electron rich residues near the disulfide (Cys415, Cys430) 









electron transfer to a potential protein partner, which is hypothesized to be PhosA 
based on the conservation of the bthA and phosA gene pair in Burkholderia. 
Studies to understand the affect of these residues on bis-Fe(IV) formation and 
interaction with putative protein partner PhosA will aid in further understanding 
the role of BthA.
6.3 Future experiments to understand function of PhosA
High conservation of the Class A heme and phosphatase protein in the 
genome of Burkhdoleria and other related soil bacteria imply a functional 
relationship between these two proteins. Initial characterization of PhosA, 
however, indicates this protein is a member of the PAP superfamily, a class of 
phosphatases known to bind a dimetal center important for carrying out 
hydrolysis reactions. Cloning studies of PhosA which make use of the native N-
terminal signal sequence are important to identify if protein maturation in the 
cytoplasm versus periplasm alters the metal loading of the dimetal center. In vitro 
experiments are also important to address the activity of PhosA is reconstituted 
with an Fe-Fe center. Modifying the active site to be redox active is useful for 
understanding the electronic environment of the metal site (Durmus, Eicken et al. 
1999). 
Currently, the Fe-Zn site of PhosA is active in an oxidized state, but activity 
with p-NPP was very low with respect to values reported for known PAPs. This 
might imply the Fe-Zn center of the heterologously expressed PhosA is an 
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artifact of the expression and not the native form of the enzyme. Metal chelation 
studies with known chelators such as EGTA or EDTA and reconstitution studies 
of the dimetal center should be carried out to try and generate an Fe-Fe or Fe-
Mn version of PhosA. Generating an Fe-Fe or Fe-Mn form of PhosA will allow for 
electrochemical studies, as presence of these sites are shown to be redox active. 
With the redox active form, PhosA activity with p-NPP as well as the high-
throughput screen could alter the results.
Varying the metal site of PhosA could reflect differences in the substrate 
hits, potentially improving the absorption maximum obtained after incubation of 
the enzyme with the substrates and quenched with Biomol Green. The hits 
considered significant (>0.2) should exceed the value obtained for the control 
substrate, p-NPP, which was on the same scale as the nucleotide di- and tri-
phosphates identified in the HTS. Additionally, cloning of PhosA into an 
expression vector with the native sequence, rather than the periplasmic OmpA 
leader sequence currently utilized in the pETSN vector, is important to 
understand where the enzyme is being localized. Based on the protein 
sequence, PhosA is predicted to be exported to the extracellular compartment 
determined on PSORTb 3.0 online database for sub-cellular localization 
prediction of prokaryote systems. Maturation of PhosA in the periplasm versus 
cytoplasm could affect the metal ions which bind to the active site and the 
potential substrates available for PhosA to react with.
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Studies to identify complex formation between BthA and PhosA is also 
important to try and link these two proteins with respect to chemistry. Using 
MauG and preMADH as a model system, it could be hypothesized that BthA 
generates the bis-Fe(IV) intermediate to modify residues on PhosA to become 
catalytically active. The electron rich region of BthA (Figure 6.1) could be the site 
of electron transfer to PhosA. Development of experiments which utilize mass 
spectrometry will be instrumental in identifying if PhosA was modified after 
incubation with peroxide treated BthA, as well as the pathway involved in ET 
from peroxide treated BthA to PhosA.
6.4  Future experiments in the native organism to understand function of bthA 
and phosA
While point mutations were useful in understanding the electron transfer 
necessary for H2O2 reduction and bis-Fe(IV) formation, studies in the native 
organism are critical for connecting the chemistry seen by in vitro techniques to a 
biological function. Preliminary experiments in the native organism were carried 
out to begin a search for the in vivo function of bthA and phosA. Since the 
spectroscopic characterization of Y463M indicated a potential role in oxygen 
reactivity, experiments to understand the expression of the bthA and phosA 
genes under both aerobic and anoxic conditions was explored by obtaining 
growth curves of WT, ∆bthA and ∆phosA strains in both aerobic and anaerobic 
conditions. Lastly, quantitative real-time PCR (qPCR) experiments are planned to 
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look at the expression of both bthA and phosA under aerobic versus anaerobic 
metabolism. Furthermore, preliminary in vivo experiments are essential to 
understand the expression of bthA and putative partner, phosA, and their 
potential role in metabolism of B. thailandensis.
6.4.1 Materials and Methods
Bacterial strains and culture media. Burkholderia thailandensis E264 (Wild 
type) was generously provided by M. Seyedsayamdost. The BTH_II1092-103:: 
ISlacZ/PrhaBo-Tp/FRT strain (∆bthA) and BTH_II1093-150::ISlacZ/hah-Tc 
(∆phosA) was purchased from the Manoil lab at the University of Washington 
(Gallagher, Ramage et al. 2013). Location and position of transposon mutants 
was confirmed by PCR using the lacZ-148’ primer in conjunction with the forward 
(either bthA-F2 or phosA-F2) primer (Table 3.2). PCR reactions were carried out 
using APEX 2x Taq polymerase master mix. Bacterial strains were grown in 
either Luria-Bertani broth (LB) or M9 minimal media. M9 minimal media consisted 
of 20% 5 x M9 salts (Na2HPO4•7H2O, 64 g/L KH2PO4, 15 g/L, NaCl, 2.5 g/L, 
NH4Cl, 5.0 g/L), 0.4% glucose as carbon source, 0.1 mM CaCl2, and 2 mM 
MgSO4. When necessary, ∆bthA cultures were supplemented with 50 µg/mL 
trimethoprim (Tp) and ∆phosA cultures were supplemented with 15 µg/mL 
tetracycline (Tc). 
For growth curves, bacterial strains were grown at 37˚C for 72 hrs in either 
LB or M9. Strains were diluted to 0.05 starting OD600 nm, and transferred to a 96-
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well plate and analyzed by Molecular Devices SpectraMax M2 Microplate reader. 
Total volume of culture in each well was 200 µL. OD600 nm reading was recorded 
every 30 minutes, with 15 s shaking before each read. Growth curves were 
performed in triplicate. Anaerobic growth curve of WT Bt in M9 minimal media 
was conducted statically in pressured Balch-type culture tubes with a 75% N2, 
20% CO2, and 5% H2 head space. Media was supplemented with 10 mM sodium 
nitrate as the electron acceptor. Aerobic starters in M9 media were transferred 
twice to adapt the cells to oxygen free conditions. Cultures used for growth curve 
were diluted to a starting OD600 nm of 0.01 from mid-log phase starter. Cultures 
were grown at 37˚C for 63 hrs. OD600 nm was recorded with a Spectronic 20D+ 
spectrophotometer (ThermoScientific) with sample port fitted for Balch culture 
tubes. Anaerobic and aerobic growth curves were plotted on a logarithmic scale. 
Each data point represents three independent cultures. 
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For q-PCR Primers used for amplification of bthA (bthA-F2, bthA-R2) and 
phosA (phosA-F2, phosA-R2) genes are listed in Table 6.1. Control gene gyrB 
was selected based on previous reports for similar experiments in B. 
thailandensis (Ferreira, Leitao et al. 2007). Primers were first tested on WT Bt to 
ensure amplification of correct size amplicon. Using WT Bt strain as the template, 
two colonies were screened for each set of primers. Primers were added to a 
final concentration of 200 ng. APEX master mix with Taq polymerase (APEX) was 
used for the PCR reactions. Annealing temperature was set to 60˚C for each 
reaction (Figure 6.2). 
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                bthA         phosA         gyrB
 Ladder    124           153     92
200
100
Figure 6.2 DNA gel of amplification products using qPCR primers. Primers used for 
amplification are listed in Table 6.2. Reaction product was loaded in 2% agarose DNA 
gel. Ladder used from NEB, 100 bp weight.
6.4.2 Preliminary Results
Using primers listed in Table 6.1, the transposon mutant strains, ∆bthA 
and ∆phosA were confirmed with respect to the insertion and location of the 
transposon to the gene of interest. All bacterial strains, including Wt, were grown 
both aerobically and anaerobically for 72 hrs. The growth curves for the three 
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Figure 6.3 Growth curves of WT, ∆bthA and ∆phosA in M9 minimal media. A) Aerobic 
growth curve over the course of 72 hours. B) Anaerobic growth curve over the course 




strains suggest no change in growth rate for the mutants compared to WT 
(Figure 6.3). The strains are capable of growing under anaerobic conditions 
when nitrate is present as an electron acceptor and glucose is used as the 
carbon source, as has been reported previously (Andreae, Titball et al. 2014).
While the comparison of WT strain to ∆bthA and ∆phosA strains show no 
changes with respect to growth, the expression of the genes may still be 
different. Plans to perform qPCR are underway for analysis of bthA and phosA 
when expressed in the presence and absence of oxygen. Currently, primers 
designed for qPCR have been verified to amplify the gene of interest based on 
gel electrophoresis (Figure 6.2). Moving forward, RNA extractions for the aerobic 
and anaerobic conditions of WT Bt will be performed. Initial results from the 
qPCR experiments are the first step in trying to understand the role of bthA and 
phosA and if these two genes, which are highly conserved next to each other in 
all strains of Burkholderia, are necessary for function. 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APPENDIX
Table A1: List of Sequences from Cluster IIIb (Figure 2.1)
Uniprot ID of 
Represented Protein
Sequences 





































A0A149U3E6_9PRO 6 Methylamine utilization protein MauG
Acetobacter 
senegalensis.








aminolytica 101 = 
DSM 11237.










F0Q4Y4_ACIAP 1 Di-heme cytochrome c peroxidase Acidovorax avenae 
F0QAT2_ACIAP 1 Di-heme cytochrome c peroxidase Acidovorax avenae 
A0A109CSF0_AGRV 2 Cytochrome C peroxidase Agrobacterium vitis
A0A0N0GLI5_9NEI 1 Methylamine utilization protein MauG
Amantichitinum 
ursilacus.
A0A0N0XLQ4_9NEI 1 Methylamine utilization protein MauG
Amantichitinum 
ursilacus.
A0A0A0DZ07_9BUR 1 Uncharacterized protein Aquabacterium sp. NJ1.




A0A060QK26_9PRO 2 Methylamine utilization protein mauG
Asaia platycodi 
SF2.1.
B2IBY9_BEII9 1 Di-haem cytochrome c peroxidase
Beijerinckia indica 
subsp. indica
A0A0N1LDS2_9PRO 1 Cytochrome C peroxidase
beta proteobacterium 
AAP99.
A0A157L0J1_9BOR 1 Methylamine utilization protein MauG Bordetella ansorpii.
A0A157S5C2_9BOR 1 Methylamine utilization protein MauG Bordetella ansorpii.
A0A0S1Y7M8_9BOR 1 Cytochrome C peroxidase Bordetella sp. N.
A0A0E4BLV6_9BRA 13 Putative methylamine utilization protein
Bradyrhizobium 
diazoefficiens.
A0A109K5R8_9BRA 2 Cytochrome C peroxidase
Bradyrhizobium sp. 
BR 10303.
H0TPH0_9BRAD 1 Uncharacterized protein Bradyrhizobium sp. STM 3843.
A0A109EDF1_9BUR 85 Cytochrome B6 Burkholderia cenocepacia.
A0A104JEQ1_BURG 3 Cytochrome-c peroxidase Burkholderia gladioli
A0A124UDP2_BURG 1 Cytochrome-c peroxidase Burkholderia gladioli
C5A8I0_BURGB 3 Di-haem cytochrome c peroxidase
Burkholderia glumae  
(strain BGR1)
A0A149PUI4_9BUR 1 Cytochrome-c peroxidase
Burkholderia 
monticola.
A0A0H3KDX0_BURM 56 Cytochrome c peroxidase
Burkholderia 
multivorans 
A0A0H3KUU2_BURM 69 Cytochrome c peroxidase
Burkholderia 
multivorans  
B9B7J8_9BURK 10 Di-heme cytochrome c peroxidase
Burkholderia 
multivorans CGD1
A8EKP1_BURPE 35 Di-haem Cytochrome c peroxidase family protein
Burkholderia 
pseudomallei 406e
A0A104NQQ1_BURP 1 Cytochrome-c peroxidase
Burkholderia 
pyrrocinia
D5WLT6_BURSC 1 Di-hem cytochrome c peroxidase
Burkholderia sp.  
(strain CCGE1002)
E8YKH7_9BURK 4 Di-heme cytochrome c peroxidase
Burkholderia sp. 
CCGE1001
B5WFS1_9BURK 1 Di-heme cytochrome c peroxidase
Burkholderia sp. 
H160.
B5WQ61_9BURK 1 Di-heme cytochrome c peroxidase
Burkholderia sp. 
H160.




A0A0Q5P3K4_9BUR 5 Cytochrome C peroxidase
Burkholderia sp. 
Leaf177.
A0A060P5A7_9BUR 22 Di-heme cytochrome c peroxidase
Burkholderia sp. 
RPE67.
A0A060P964_9BUR 6 Putative cytochrome c peroxidase
Burkholderia sp. 
RPE67.









A0A104RBB5_9BUR 24 Cytochrome-c peroxidase
Burkholderia 
ubonensis.
Q13JY9_BURXL 3 Putative cytochrome c peroxidase
Burkholderia 
xenovorans  (strain 
LB400)
Q13W88_BURXL 4 Putative Di-haem cytochrome c peroxidase
Burkholderia 
xenovorans  (strain 
LB400)
A0A0F0FD14_9BUR 3 Cytochrome C peroxidase
Burkholderiaceae 
bacterium 16.
A0A0F0FEE1_9BUR 4 Cytochrome B6 Burkholderiaceae bacterium 16.














A0A0A1FG20_9BUR 3 Methylamine utilization protein mauG Collimonas arenae
A0A0A1F439_9BUR 3 Methylamine utilization protein mauG Collimonas arenae.
A0A0A1F463_9BUR 1 Methylamine utilization protein mauG Collimonas arenae.
A0A127QD26_9BUR 1 Di-heme cytochrome c peroxidase family protein Collimonas arenae.




Cytochrome c family 
protein |Cytochrome c 
peroxidase
Collimonas pratensis.
A0A127QU57_9BUR 4 Cytochrome c family protein Collimonas pratensis.
D0IYM5_COMT2 1 Di-heme cytochrome c peroxidase
Comamonas 
testosteroni  (strain 
CNB-2)
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H1S6U9_9BURK 1 Cytochrome c peroxidase
Cupriavidus 
basilensis OR16.
H1SF75_9BURK 1 Di-heme cytochrome c peroxidase
Cupriavidus 
basilensis OR16.
Q1LCG2_CUPMC 3 Di-heme cytochrome c peroxidase
Cupriavidus 
metallidurans
A0A132HAZ6_9BUR 3 Methylamine utilization protein MauG
Cupriavidus 
metallidurans.
A0A069ICH9_9BUR 1 Cytochrome C peroxidase Cupriavidus sp. SK-3.
A0A022G295_9BUR 1 Diacylglycerol kinase Cupriavidus sp. SK-4.
A0A059IPA0_9RHO 1 Cytochrome C peroxidase
Defluviimonas sp. 
20V17.
K2IG95_9GAMM 1 Di-heme cytochrome C peroxidase
Gallaecimonas 
xiamenensis 3-C-1.
A9HNB2_GLUDA 1 Di-heme cytochrome c peroxidase
Gluconacetobacter 
diazotrophicus 
F3S881_9PROT 4 Methylamine utilization protein mauG
Gluconacetobacter 
sp. SXCC-1.
G6XL93_9PROT 1 Putative di-heme cytochrome c peroxidase
Gluconobacter 
morbifer G707.
Q5FS76_GLUOX 5 Putative di-haem cytochrome c peroxidase
Gluconobacter 
oxydans  (strain 
621H)
M9MLY8_GLUTH 9







A0A0K2BCF9_9BUR 2 Cytochrome C peroxidase
Herbaspirillum hiltneri 
N3.
A0A0C2BUW6_9BUR 1 Cytochrome C peroxidase
Herbaspirillum sp. 
TSA66.
A0A0A0D6J4_9PRO 1 Cytochrome C peroxidase
Inquilinus limosus 
MP06.
L9PA62_9BURK 1 Methylamine utilization protein mauG
Janthinobacterium 
sp. HH01.
L9PNT8_9BURK 1 Di-heme cytochrome c peroxidase
Janthinobacterium 
sp. HH01.
A0A0M2WE15_9BUR 4 Methylamine utilization protein MauG
Janthinobacterium 
sp. KBS0711.














A0A0L8B0L9_9BUR 1 Uncharacterized protein Limnohabitans planktonicus II-D5.
A0A0N7J9Y7_9BUR 1 Methylamine utilization protein MauG
Limnohabitans sp. 
103DPR2.
A0A0Q7XTP1_9BUR 1 Cytochrome B6 Massilia sp. Root1485.
A0A0Q6TR34_9BUR 1 Cytochrome C peroxidase Massilia sp. Root335.




A0A090E4R3_9RHI 9 Di-heme cytochrome c peroxidase
Mesorhizobium sp. 
ORS3324.
A0A0Q6MTS8_9RHI 2 Cytochrome C peroxidase
Mesorhizobium sp. 
Root102.
A0A0Q8KKP4_9RHI 2 Cytochrome C peroxidase
Mesorhizobium sp. 
Root172.
B8EKA3_METSB 1 Di-heme cytochrome c peroxidase Methylocella silvestris 
J7Q4U5_METSZ 1 Di-heme cytochrome c peroxidase
Methylocystis sp.  
(strain SC2)
E6PV15_9ZZZZ 1 Putative Cytochrome-c peroxidase
mine drainage 
metagenome.




A0A0F5K4S6_9BUR 1 Cytochrome C peroxidase
Paraburkholderia 
andropogonis.
A0A0P0RC60_9BUR 5 Cytochrome c peroxidase
Paraburkholderia 
caribensis MBA4.
A0A0D5V466_9BUR 3 Cytochrome c family protein
Paraburkholderia 
fungorum.
A0A0D5VJA9_9BUR 3 Cytochrome c family protein
Paraburkholderia 
fungorum.
A0A069PP74_9BUR 1 Cytochrome C peroxidase
Paraburkholderia 
glathei.
A0A069PPD0_9BUR 2 Cytochrome C peroxidase
Paraburkholderia 
glathei.
A0A069PWJ7_9BUR 1 Cytochrome C peroxidase
Paraburkholderia 
glathei.
B1G872_9BURK 5 Di-haem cytochrome c peroxidase
Paraburkholderia 
graminis C4D1M
B2SZN9_PARPJ 2 Di-haem cytochrome c peroxidase
Paraburkholderia 
phytofirmans  (strain 





A0A0A6SXI5_9BUR 1 Cytochrome C peroxidase
Paraburkholderia 
sacchari.
I5CK89_9BURK 7 Di-heme cytochrome c peroxidase
Paraburkholderia 
terrae BS001
A0A135HVF1_9RHI 1 Cytochrome C peroxidase
Paramesorhizobium 
deserti.
A0A0Q6WL78_9BUR 1 Uncharacterized protein Pelomonas sp. Root1237.
A0A147GSL5_9BUR 1 Cytochrome C peroxidase
Pseudacidovorax 
intermedius.









A0A0K1ZSS9_RALS 30 Lipoprotein transmembrane
Ralstonia 
solanacearum
U3GIH0_9RALS 24 Uncharacterized protein Ralstonia sp. 5_2_56FAA.
A0A0B1XXZ0_9RAL 2 Cytochrome C peroxidase Ralstonia sp. A12.
S9T3C6_9RALS 2 Cytochrome B6 |Putative signal peptide protein
Ralstonia sp. 
AU12-08.
A0A117DSL5_9RAL 3 Cytochrome c peroxidase protein Ralstonia sp. NT80.
A0A0Q6M4W4_9BUR 1 Cytochrome C peroxidase
Rhizobacter sp. 
Root29.




J2WAK9_9RHIZ 6 Cytochrome c peroxidase Rhizobium sp. AP16.
J1T9S4_9RHIZ 1 Cytochrome c peroxidase
Rhizobium sp. 
CF142.
A0A0U3LE31_9BUR 1 Cytochrome C peroxidase
Roseateles 
depolymerans.


















D6CMR6_THIA3 1 Putative Cytochrome-c peroxidase
Thiomonas 
arsenitoxydans  
(strain DSM 22701 / 
CIP 110005 / 3As)
A0A0K6HR77_9BUR 3 Cytochrome c peroxidase
Thiomonas 
bhubaneswarensis
A0A0P8ZAA7_VARP 1 Cytochrome B6 Variovorax paradoxus.
A0A0P9AKB8_VARP 3 Cytochrome C peroxidase
Variovorax 
paradoxus.
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